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Abstract:

The synthesis, spectroscopic and electrochemical characterisation of a series of mononuclear 
and dinuclear ruthenium (II) and osmium (II) complexes is described. Chapter 1 provides an 
introduction to the area of supramolecular chemistry. The complex [Ru(bpy)3]2 , the parent 
complex of modem supramolecular chemistry is also introduced. Chapter 2 is a general 
introduction to the physical measurements of the complexes which have been synthesised. 
The techniques of High Performance Liquid Chromatography (HPLC), Nuclear Magnetic 
Resonance (NMR), UV/Visible spectroscopy, fluorimetry, spectroelectrochemistry and 
electrochemistry are all briefly described to provide an insight into the application of these 
techniques later in the thesis.

Chapter 3 provides an introduction to the ligands used to synthesise the complexes described 
in Chapters 3, 4 and 5. The ligands all contain a fused 5 and 6 membered ring, with the 5 
membered ring having an imidazo-type functionality in the case of all the ligands with the 
exception of one, where the 5 membered ring contains a third nitrogen and becomes a triazo- 
type system. The ’H NMR spectra of the ligands have been assigned where possible, and die 
photophysics and electro chemistry of the free ligands are discussed. The synthesis of a 
series of novel ruthenium(II) mononuclear complexes, [Ru(bpy)2(LL)j2 is described as is 
the synthesis of several deuleraled analogues, [Ruic/s-bpyMLL)]2'. The characterisation of 
these complexes by X-Ray Crystallography and *H NMR is discussed with an isomerisation 
effect being discussed in detail using analysis from ’H NMR and HPLC experiments. The 
characterisation of the complexes is completed with an examination of the photophysical, 
photochemical and electrochemical properties. Chapter 4 is structured similarly. The 
synthesis of the osmium(II) bipyridyl complexes using the ligands discussed in Chapter 3 is 
described. The same isomerisation effect appears for several of the ligands and is again 
discussed in detail. Again, the characterisation of the complexes is completed with an 
examination of the photophysical, photochemical and electrochemical properties. The LL7 
ligand is used to synthesise a ruthenium(II) monomer as well as a series of homonuclear and 
heteronuclear ruthenium(II) and osmium(n) dimers. The deuterated analogues of the Ru-Ru 
homonuclear dimer has also been synthesised. These complexes provide the material for 
discussion in Chapter 5. The photophysical and electrochemical examination of this series of 
complexes indicates that little or no communication exists between the metal centres, even 
in the case of the mixed-metal complex. The spectroelectrochemistry of the complexes agree 
with this supposition.

Chapter 6 introduces a different type of complex and a detailed survey of previous work in 
this area using the bridging ligands 4,4’bipyridyl, P2P, P3P and PEP precedes the discussion 
of the synthesis and characterisation of the series of mononuclear ruthenium(II) and 
osmium(II) complexes. It proved important to understand the properties of these compounds 
as these monomeric species provide the starting material for the synthesis of the series of 
dimers discussed in Chapter 7. The synthesis and spectroscopic behaviour of this series of 
dinuclear complexes is presented. The dinuclear complexes have been synthesised with the 
intention of attaching them to surfaces. This is described for one of the complexes and a 
brief examination of the behaviour of the complex confined to a surface is performed.

The final chapter, Chapter 8 provides a conclusion to the work carried out on the two 
projects that make up this thesis. The chapter also suggests further work, which may be 
carried out in future studies.
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Chapter 1 -  Introduction

Chapter 1: introduction 

Abstract:

Chapter 1 serves as an introduction to many o f  the subjects that are discussed in this 

thesis. Firstly, supramolecular chemistry is introduced. The development o f  this area o f  

chemistry is outlined and its relevance to this thesis is highlighted. In order to 

understand the processes involved in a supramolecular species, it is important to first 

understand the fundamental properties o f  the simpler subunits o f  the supramolecular 

species. Coordination and the effect o f  coordination on ligands is mentioned as is 

molecular photochemistry. The “p a ren t” complex o f  many o f  the compounds discussed 

in this thesis, [Ru(bpy)s]2+, and its importance to the area o f  inorganic chemistry is 

highlighted.

Several other concepts are introduced including excited state molecular processes, 

intervalence transfer bands and the techniques used to examine these processes, such as 

spectroelectrochemistry, are also discussed. The topics discussed in Chapter 1 have 

been limited to those that are relevant to this thesis as the area o f  inorganic and 

supramolecular chemistry is now so large. Chapter 3 and Chapter 6 o f  this thesis 

contain more detailed examination o f  the specific areas which are relevant to those 

particular sections o f  this thesis.
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Chapter 1 -  Introduction

1.1 Introduction to Supramolecular Chemistry:

In nature photons are used by living organisms as energy in photosynthetic processes. 

The aim of supramolecular chemistry is the design and construction of artificial energy- 

conversion and information processing devices, devices that in the future will allow us 

to power and control the machines that form the basis of our civilisation. 1 Since the 

1970s, using the “bottom up” approach proposed by Richard Feynman, 2 the design and 

construction of these machines and devices began for the first time with atoms and 

molecules. This area has branched and diversified since and now self-assembly, self 

organisation and self replication, actions central to nature’s forms and functions are 

feasibly being used to construct large and intricate functional molecular and 

supramolecular entities.3

4The interaction of light with matter is dependent on the nature of the receiving matter , 

with the simplest form being represented by a molecule. This interaction of light with a 

molecule can have a number of outcomes, such as a change in molecular structure, and 

some of these may be exploited for our purposes. Solar energy, for example, can be 

converted into chemical energy by transforming a molecule into its higher energy 

isomer.5

In order to utilise this potential fully a high level of organisation within the molecule is 

required. The assembly of a number of discrete molecular components allows the 

synthesis of supramolecular species. 4’6,7,8,9 Organisation of components can be achieved 

by various types of intermolecular forces (Coulombic interactions, hydrogen bonding, 

etc.) or by linking the components using covalent or coordination bonding. This means 

that it is possible therefore to design structurally organised systems which incorporate a 

certain function, (Photochemical Molecular Devices (PMDs) 10’u ’12) i.e. the molecular 

components have the desired light related properties: absorption spectrum, excited state 

lifetime, luminescence spectrum or redox properties, capable of converting the energy 

and input of the photons to perform complex functions (such as light harvesting, 

conversion of light into electrical energy, data processing and storage).

2



Chapter 1 -  Introduction

The simplest definition of supramolecular chemistry is the chemistry of systems 

(supermolecules) made up of molecular components in the same way as molecules are 

made up of atoms. 13 More recently this has been expanded to become “the chemistry 

beyond the molecule, bearing on the organized entities of higher complexity that result 

from the association of two or more chemical species held together by intermolecular 

forces.” 6 This definition can be simplified. The distinction between a large molecule 

and a supramolecular species can be based on the degree of interaction between the 

subunits of the components, regardless of the nature of the intercomponent bonding. 1 

(Figure 1.1) When the interaction energy between subunits is small compared to other 

relevant parameters, the system can be considered to be a supramolecular species.

Supramolecular
species compound large

molecule

‘AoT'B
Av̂ *B

a+~^b-
A '-/ 'B +

hv Av/'B hv •(AwOB)

A -^B ^  _t e- A^ 0 _ + £  
A^B* (A-T'B)-

A+-^B
A>̂ B+ A-'-'B (Â B)+

“ The symbol indicates any type of “bond” that keeps 
together the A  and B moieties.

Figure 1.1 Illustration o f  the photochem ical and electrochemical criteria used to classify 

a complex as a supramolecular species or as a large molecule.

In order to discuss supramolecular chemistry further, the basics of photophysics and 

photochemistry must be examined. The next section provides an introduction to 

coordination chemistry and to the processes that are used to investigate the 

photophysical properties of coordination complexes.

3



Chapter1 -Introduction

1.2 Examination of Ligand Orbitals

Consider the case of the free pyridine molecule which possesses a nonbonding electron 

pair («) on the N atom which can be promoted to antibonding orbitals n* on the aromatic 

ring. The first n->7t* transition lies at low energy, and excitation of a nonbonding 

electron into the ring is the lowest energy transition possible. This is followed closely by 

a 7i—>it* transition which is characteristic of an aromatic ring.14

JU.* n,*

-  n2*

■ "3*

n2*

*3*

■ 4 f -

i l  %

A , 4 ^

Free Ligand Coordinated Ligand

Figure 1.2 Representation o f  the orbitals o f  a N-heterocycle ligand. Nonbonding (n) 

electrons in the free ligand are lowered in energy with respect to the n-system when

coordination occurs.

On coordination however the n electrons on the nitrogen atom form a ct- bond with the 

metal ion, which lowers their energy so they can no longer be excited by low energy 

light. (Figure 1.2) The n—>n* transitions on the ring are not greatly affected by 

complexation and it can be said that generally the 7t—>7t* transitions of coordinated 

moieties are not shifted greatly by complexation whereas the n-^n*  transitions are 

usually shifted to higher energies. The case for a ligand coordinated in a d6 complex is 

discussed below.14
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Chapter 1 -  Introduction

3

V TCj*

c *
7t} +

l l t * ' e g

4 ^  '■ tl tl tl 8̂ - -ti ti 
tl tl

\ | n2 i | *2 il Ti1
f | _ % fi" X3 f i  "3

Case A Case B Case C

Figure 1.3 Schematic representation o f  orbital dispositions fo r  

strong fie ld  d 6 complexes.

In Case A (Figure 1.3), the 7i—Mr* Excited Configuration is Lowest. Here the energy 

levels of the filled t2g orbitals are placed below the filled orbitals of the ligands and the 

energy levels of the eg set are placed above the n* set. The lowest excited state is 

therefore derived from a nit* configuration. This is the case for the compounds 

[Rh(bpy)3]3+, and [Rh(phen)3]3+. The metal orbital plays a negligible role in the 

excitation process. As the lowest energy transitions are ligand localised, chemical 

processes occurring subsequent to excitation would be suspected to be ligand 

photochemistry. In Case B above the dd excited state configuration is lowest. An 

example of this is [Co(CN)6]3‘, a diamagnetic ion, the absorption and emission spectra of 

which indicates a (t2g)6 closed shell with all spins paired in the ground state. When light 

is absorbed the action occurs on the metal ion with (t2g)6-^(t2g)5(eg)1 orbital promotion. 

Excitation of [Co(CN)o]3" leads to characteristic ligand field photochemistry. 

Substitution photochemistry is the usual photochemical process expected to occur upon 

t2g—>eg orbital promotion. This takes place when [Co(CN)6]3' is irradiated in aqueous 

solution to produce the [Co(CN)s(H20)]2' ion in high quantum efficiency. Case C above 

is the most relevant to this thesis. The d—>7t* excited state configuration is lowest. The

5



Chapter 1 —Introduction

absorption spectrum of 2,2’-bipyridine shows the expected lowest energy 7t—» n* 

transitions. Spectral measurements of [Ru(bpy)3]2+ however reveal an entirely new set of 

electronic transitions which are neither metal centred nor ligand localised. These intense 

visible transitions are charge transfer in nature. 15 Absorption of a photon promotes an 

electron from the t2g orbital on the Ru(II) ion to an antibonding n* orbital on the 

bipyridine system. This is represented in Case C of the inferred orbital diagram above 

(Figure 1.3). The first antibonding orbital is a ligand rc* and the highest filled orbital is a 

metal t2g.

In a charge transfer excited configuration the complex has a hole in the t2g orbital set 

with the excited electron resting on the ligand, which is a different species to the ground 

state complex. The excitation energy can be transferred to another molecule, can 

undergo reduction by filling the hole or act as a reductant by transferring the promoted 

electron on the ligand to another species.

1.3 Principles of molecular photochemistry:

The photochemical process begins when a molecule absorbs a photon. The gain in 

energy promotes an electron from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO). The excited molecule, now unstable 

decays quickly to its original state, the ground state, by losing the energy it acquired 

from the photon. This energy loss may take different forms - radiative decay and non 

radiative decay. These will both be examined more closely later.

The behaviour of an electronically excited molecule differs from ordinary chemical 

species. These molecules have an excess of free energy above equilibrium which can 

cause bond rupture and other reactions. 16,17 Absorption of infra-red and microwave 

radiation is normally excluded from the subject as the energy per photon is too small to 

cause photoreaction.lx

6



Chapter 1 - Introduction

Transitions that are nearly fully allowed are charge transfer and intraligand. Charge 

transfer can either be metal to ligand charge transfer (MLCT) or ligand to metal charge 

transfer (LMCT), where an electron can be represented as being transferred from one 

orbital to another localised in different regions of the molecule without net spin change. 

This is less so the greater the atomic number of the metal ion.

7C *

1 LC

2 M LCT 

3M C

4 LMCT

Free ion Complex Ligand

Figure 1.4 Relative disposition o f  metal and ligand orbitals and possible 
electronic transitions in an octahedral ligand fie ld  o f  a transition metal

complex.

At the instant of absorption of light, the Franck-Condon effect dictates that molecules 

are formed in non-equilibrated vibrational states. Photochemical reactions of inorganic 

molecules normally take place in solution and therefore internal conversion leading to 

equilibration of the vibrational energy with the substrate is fast, so unless a competing 

process is very fast, a thermally excited state is produced following the absorption of 

light.19

There are two emission processes to consider - phosphorescence and fluorescence. 

Whether an emission process is fluorescence or phosphorescence depends on whether or 

not there is a spin quantum number change associated with the transition.

7



Chapter 1 ~ Introduction

Figure 1.5 Schematic energy level diagram o f  a molecule showing the possible paths o f

energy degradation.

kf =  fluorescence 

kjc =  internal conversion 

kiso = intersystem crossing 

kp =  phosphorescence

The Jablonski diagram above shows three o f  the states involved in a photochemical 

process (ground state singlet and excited singlet and triplet). As mentioned already, 

em ission o f  light (lum inescence) is called fluorescence or phosphorescence depending 

on whether the excited state has the same or different spin compared to the ground state. 

In the same way, radiationless deactivation is called internal conversion when it occurs 

between states o f  the same spin and intersystem crossing when it occurs between states 

o f  different spin .20 Fluorescence and internal conversion are spin-allowed steps, whereas 

phosphorescence and intersystem crossing are spin-forbidden steps.

Where the transitions do not involve a change in multiplicity, inorganic and organic 

systems tend to be similar. However where changes in multiplicity are involved the 

differences can be substantial. These differences arise in part due to the larger coupling 

constants associated with the high atomic number metal ions relative to C, H and N. The 

increased spin orbit coupling causes m ixing o f  the singlet and triplet states which results 

in a breakdown o f  the selection rules which prohibit changes in multiplicity. For organic 

m olecules containing low  atomic number atoms, intersystem crossing processes are

8



Chapter 1 — Introduction

formally forbidden and therefore are very slow or hindered, with rate constants, k;sc 

typically 1-1000 x 10'6 s'1. In inorganic systems where spin orbit coupling is greater, kisu 

of 109 - 1012 s’1 are the rule rather than the exception. These can be so fast as to make it 

impossible to distinguish them from internal conversions that are not spin forbidden.“1

F ig u re  1 .6  I llu stra tio n  o f  th e o rig in  o f  the S tokes ’ Shift.

Application of the Franck-Condon effect indicates that on absorption of light, excited 

vibrational levels of the excited state will be formed. This implies that the energy of 

maximum emission will be smaller than the energy of maximum absorption. This 

Stokes’ Shift means that emission occurs on the lower energy side or red side of 

absorption (assuming that they correspond to the same transition).

1.4 Emission Spectroscopy:

Photochemical processes predominantly involve the lowest excited states of molecules. 

These lowest excited states are the ones that are responsible for emission. Emission is 

usually observed from the lowest singlet state or from the lowest triplet state 

(fluorescence or phosphorescence). Emission is guided by the fact that in the absence of 

photochemistry from upper excited states, emission from a transition metal complex 

with an unfilled d-shell will occur from the lowest electronic excited state of the 

molecule, or from those states that can achieve a significant Boltzmann population 

relative to the lowest excited state.

9



Chapter 1 —Introduction

This rule tells us that an emissive complex is one that possesses a large energy gap 

between its lowest excited state and the ground state, because otherwise, the energy 

would degrade rapidly to lower levels and not produce light, this is known as the Energy 

Gap Law. Consequently, in order to design photoluminescent compounds we search for

complexes that will give a large energy gap between the ground state and the lowest
22excited configuration.

Experiments at 77K have permitted the classification of the lowest, or emitting states of 

complexes.

<=> 3dd Excited states.

The emission is broad and structureless and is rarely observed in solution. The 

quantum yield is generally quite low, but the yield can be improved by removing 

high frequency vibrations from the coordination sphere. This can be 

accomplished by perdeuteration of the ligands and complexes.

3d7r* Excited States.

The emission is intense and highly structured. Often a single vibrational 

progression dominates the band. Luminescence is often observed at room 

temperature. When the complex is unsymmetrical and has a static dipole 

moment, the energy of the emission band can be shifted markedly by changing 

the polarity of the medium.

^  37nr* Excited States.

Normally highly structured, and sometimes resembles the nn* emission from the 

uncoordinated ligand, but is usually red shifted upon complexation. The energy 

of the emission is not highly solvent dependent.

10



Chapter 1 — Introduction

1.5 The photophysical properties of [Ru(bpy)3]2+

[Ru(bpy)3]21 has been one of the most extensively studied compounds of the second half 

of the past century.23 The photophysical properties of [Ru(bpy)3]2+ are well understood 

at this stage and it has become the standard and reference compound for comparison
* 24 25 26 27 28 *with other ruthenium(II) diimine complexes. ’ ’ ’ ’ Interest in the chemical 

conversion of solar light into energy has provided additional driving force to the field. 

Unfortunately however, [Ru(bpy)3]2+ is not the ideal catalyst for this process. The most 

serious problem is the fact that population of the 3MC state results in 

photodecomposition. The compounds absorption spectrum in the solar spectrum is 

another obstacle to its application in catalysis. It makes inefficient use of the suns energy 

as only a relatively narrow band of the suns light is absorbed by the complex. The 

ground state structure of one enantiomer of the hexaflourophosphate salt of [Ru(bpy)3]
29is represented in Figure 1.7.

Figure 1.7 3D structure o f  [Ru(bpyj3j 2

11



Chapter 1 — Introduction

The complex possesses D3 symmetry and the Ru-N bond length of 205.6pm is shorter 

than the normal Ru-N bond length of 210.4pm. This indicates the presence of significant 

71-backbonding interaction between the ruthenium and the n* orbitals of the bipyridyl 

ligand. The solution NMR data confirm the retention of the D3 symmetry for the 

solvated species, and can be interpreted in terms of four coupled spins in each of the six 

equivalent pyridine rings.

The assignment of spin states to electronically excited states has already been discussed. 

The differences arise in part due to the larger coupling constants associated with the high 

atomic number metal ions relative to C, H and N. This increased spin orbit coupling 

causes mixing of the singlet and triplet states which results in a breakdown of the 

selection rules which prohibit changes in multiplicity. This means that for ruthenium and 

osmium, transitions that are normally formally forbidden can become partially allowed. 

Overall this means that the rate of radiative and non radiative transitions which are 

formally spin forbidden become enhanced. For [Ru(bpy)3]" excitation to all higher 

excited states undergo rapid internal conversion (IC) and inter-system crossing (ISC) to 

the lowest lying manifold of the 3MLCT states.30

Figure 1.8 depicts the most important photophysical properties of [Ru(bpy)3]2 . The 

absorption spectrum exhibits an intense absorption band at 452 nm with an extinction 

coefficient of 14,600 IVf'cm'1 (Figure 1.9). This band has been assigned as a metal to 

ligand charge transfer (MLCT) transition. Fast intersystem crossing (ISC) from singlet 

to triplet states occurs with an efficiency of unity. Emission from the triplet state to the 

ground state (kr) (Figure 1.9) or radiationless deactivation (knr) to the ground state can 

occur. Another deactivation pathway is provided by population of the metal centred 

excited state (3MC) which leads to radiationless deactivation or to photodecomposition 

of the complex.18’31’32’33’34

12
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Figure 1.8 Potential Energy diagram showing the relative positions o f  the

excited states o f  [Ru(bpy)s]2+

The lowest 3MLCT excited state consists o f  three electronic components with the upper 

two members situated approximately 10 and 60 cm '1 above the lowest. These are 

distinguishable only at very low  temperatures (< 5K). A  fourth MLCT, which lies 

approximately 600cm '1 above these and is only thermally populated at higher 

temperatures (> 77K), has considerably more singlet character than the lower lying 

3MLCT states and therefore greatly enhances the radiative and nonradiative ISC rates to 

the ground states.35

The photochemistry o f  [Ru(bpy)3]2+ therefore arises m ostly from the 3MC excited state 

which can be populated thermally by internal conversion from the 3MLCT state. This 

can at best lead to non radiative decay, but can also lead to ligand loss photochemistry. 

The reason for this is the lengthening and therefore weakening o f  the Ru-N bond, which 

is the result o f  population o f  the 3MC state. The 3MC state has considerable eg orbital 

character and electron density is placed between the ruthenium centre and the nitrogen 

donor atoms. The resulting electronic repulsion o f  placing electron density in the eg

13
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orbitals and the loss of backbonding from the t2g-7t* orbital weakens the Ru-N bond. 36,
37,38

Wavelength (nm)

2 - j_

Figure 1.9 Absorption and Emission spectra o f  [Rufbpyjs] in
MeCN.

A good deal of the photochemical interest in [Ru(bpy)3]2+ stems from its photoredox 

properties. The values of the ground state standard potentials for the oxidation and 

reduction of [Ru(bpy)3]2+ are useful in establishing the excited state redox potentials.

[Ru(bpy)3]2+ + e -> [Ru(bpy)]3+ E° = -1.35 V vs SCE

[Ru(bpy)3]3+ + e' —> [Ru(bpy)3]2+ E° = +1.26 V vs SCE

The monovalent, divalent and trivalent cations are known for their thermal inertness 

towards the labilisation of 2,2’-bipyridyl which leads to their participation in a variety of 

reversible electron transfer processes.

14
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Oxidation of the [Ru(bpy)3]2+ complex normally involves a metal centred orbital, with 

formation of Ru(IE) centres, which are inert to ligand substitution. The oxidation 

potential of [Ru(bpy)3]2+ is centred at +1,26V vs SCE, but substitution of one or more of 

the bipyridine ligands can drastically change this potential. Reduction of [Ru(bpy)3]21 

takes place on the ligand %* orbital at -1.35V vs SCE and is usually the same as that 

involved in the 3MLCT transition.

Due to the higher energy content, the excited state is both a stronger reductant and a 

stronger oxidant than the corresponding ground state. The properties of ruthenium(II) 

complexes are governed by the a-donor and 7r-acceptor properties of the ligands. A a- 

donor donates electron density to the metal centre lowering the oxidation potential and 

causing more negative reduction potentials. On the other hand 7t-acceptor ligands 

remove electron density from the metal centre of the complex, stabilising the filled metal 

orbitals which results in higher oxidation potentials and lower reduction potentials.

O /mN /= N  N = \-O  C>-GN J  X— N N— '

2,2'-bipyrazine 2.2'-bipyrimidine

2,2'-biquinoline 

Figure 1.10 Examples o f  n-acceptor ligands.

Much attention has been focused on systems containing strong 7i-accepting ligands. 

Apart from bpy these include 2,2’ bipyrazine, 2,2’-bipyrimidine, 2,2’-biquinoline and 

derivatives. 39’40’41’42 (Figure 1.10) The mixed ligand complexes which result, i.e. 

[Ru(bpy)z(LL)]2+ display a red shift in the absorption and emission energy relative to the

15
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parent [Ru(bpy)3]2' compound. As a result these complexes harvest a larger portion of 

the available solar energy. Unfortunately, due to the fact that often strong 7i-acceptor 

ligands are weak a-donor ligands, the ligand field splitting of Ru(H) becomes much

smaller and therefore after excitation the MC state is more easily accessible, the

emission yield is diminished and the compound becomes less photostable than 

[Ru(bpy)3]2+.

H

H - l / ^  / ' V
V, V =N  \  /
H N=N

Pyrazole Imidazole 1,2,4-triazole

Figure 1.11 Examples o f  cr-donor ligands.

Ligands with strong a-donor properties include imidazole, pyrazole and 1,2,4-triazole. 

(Figure 1.11) The strong a-donor capacities of these ligands result in larger ligand field 

splitting which helps stop photodecomposition.43’44’45,46’47’48’49’50 These ligands are 

weaker 71-acceptors and their empty n* orbitals are higher in energy than that of bpy. 

This results in a blue shift in the absorption and emission spectra leading to a smaller 

proportion of the solar energy available being absorbed.

By combining the two systems, a 71-acceptor and a a-donor, e.g. a compound containing 

two bpy ligands and one azole ligand, the lowest n* level is still bpy based, but the filled 

d orbitals are destabilised by strong a-donor ligands which lower the oxidation potential. 

Photophysical measurements on such compounds have indicated that such systems are 

more stable than the parent [Ru(bpy)3]2+ compound and still they have retained the 

useful photophysical and electrochemical properties.

16
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1.6 Excited State Bimolecular Processes

There are two bimolecular reactions of vital importance, energy transfer and electron 

transfer. Energy transfer is a physical process where through contact, an excited state 

molecule transfers its excitation energy to another, different molecule. Electron transfer 

involves the transfer of an electron from or to the excited state molecule and 

simultaneous oxidation or reduction of another separate species in the solution.51,52:53,54

From the point of view of the quenching species, its reactions are sensitised by the 

energy transfer process, and for this reason a molecule can be caused to undergo 

photoreaction by light in a region of wavelengths in which the molecule does not absorb. 

The limitation to energy transfer is that the acceptor (of energy) must have an excited 

state that lies lower than that of the donor. Also the lifetime of the donor must be long 

enough for the two species to come together. The donor and acceptor interact rapidly 

once they come in contact, and hence energy transfer is usually diffusion-controlled.

1.7 Energy-Transfer Processes

An electronically excited state *D, obtained when a molecule D absorbs a photon of 

suitable energy (Equation 1.1) is a new chemical species which has the potential to 

transfer energy to another species (Equation 1.2).

D  + Hv  ̂*D  Equation 1.1

* D +  A D  +  *A Equation 1.2

The simultaneous deactivation of the original excited molecule and the promotion of the 

acceptor molecule to an electronically excited state is known as energy transfer. What is 

observed is the quenching of the emission or photochemistry associated with *D and its 

replacement by the emission or photochemistry characteristic of *A.

17
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Energy transfer may occur by radiative or nonradiative mechanisms. 4 Radiative energy 

transfer is the simpler of the two and involves emission of a quantum of light by the

donor excited state which is followed by absorption of the emitted photon by the

acceptor, and can occur over any distance.

* D  —» D  +  h v  Equation 1.3

} \ V  A — Equat i on 1.4

In this process the absorbing molecule cannot influence the emission of the donor 

molecule but merely intercepts the emitted photon.

Electronic energy transfer can occur by two mechanisms: the Forster-type mechanism, 

based on Coulombic interactions (1), and the Dexter-type mechanism which is based on 

exchange interactions (2). 17 Figure 1.12 illustrates the differences between the two 

mechanisms.

1. The first may occur by dipole-dipole interaction between an electronically 

excited donor and an acceptor in its ground state. This type of energy transfer is 

distance dependant and can operate at distances of up to 100 A. This is known as 

the Forster mechanism and is the better understood mechanism of the two.

2. The second method is the Dexter mechanism and involves a simultaneous 

electron exchange mechanism where a spatial overlap of the donor and acceptor 

is required, and therefore they must be in van der Waals or hard sphere contact 

with each other.

18
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✓ — *. —  _Q
' » Q _  Q O '  --------------->  Q D  _ D

D* A D A*

Energy Transfer by dipole-dipole mechanism (Förster mechanism).

D A*

Energy Transfer by electron exchange (Dexter mechanism).

Figure 1.12 Pictorial representation o f  the energy transfer processes oj 
electronically excited states.

1.8 Electron Transfer Reactions of Excited States

There are two types of electron transfer involving excited states, photoinduced electron 

transfer which follows light excitation of a component, and optical electron transfer 

which takes place directly upon light excitation. These will be dealt with separately.

1.8.1 Photoinduced Electron Transfer:

Light excitation increases both the oxidizing and the reducing power of a molecule. In a 

multicomponent supramolecular system light excitation is often followed by an electron 

transfer process.

A ~ B  +  h v - > * A ~ B  Photoexcitation Equation 1.5
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* A ~  B —> A+ ~ B Photoinduced oxidative electron transfer Equation 1.6

* A ~  B —> A ~  B Photoinduced reductive electron transfer Equation 1.7

The reduction potentials for the excited state couples may be calculated from the 

reduction potentials of the ground state couples and the one-electron potential 

corresponding to the zero-zero excitation energy:

E(A+ /*  A) »  E(A* /A )-E°-°  Eq„ a .!o „ i.8

E ( * A / A ~ ) » E ( A / A ) - E °-° Eq„a,i„„i.9

Therefore the feasibility of an excited state electron transfer process occurring is given

by the Weller equation: 17

AG° * -E °-° - E (B / B~)'+E(A+ / A)'-Elp Eq„a«„ni.io

where AG° is the free energy change of the process, E°‘° is the spectroscopic change of 

the excited state, E(B/B )' and (E(A+ /A)1 are the one electron energies corresponding to 

the reduction of the two species, and En> is the Coulombic stabilisation energy of the 

products.

1.8.2 Optical Electron Transfer.

Optical electron transfer may be described by the model developed by Marcus, Hush and 

Sutin and is known as the Marcus model. 55,57 This model makes it clear that reactants 

and products of an electron-transfer process are related by a ground/excited state 

relationship.

20



Chapter J —Introduction

A~B  ̂A ~B Equationl.il

If a ground state reaction is considered where AG° < 0 then according to the Marcus 

model, for a unimolecular electron transfer process the rate of electron transfer, kct, can 

be expressed as

kct — VNKexp(-AGy/RT) Equation 1.12

Where Vn = the average nuclear frequency factor of the reaction, K = the transmission
tcoefficient of the reaction, and AG = the experimental Gibbs energy of activation for the 

electron transfer process.

Figure 1.13 Profile o f  the potential energy curves o f  an electron transfer reaction, i and 
f  indicate initial (A-B) andfinal (A+-B ) states.

In Figure 1.13, the two curves represent the potential energies of the reactants and
£products as a function of the reaction coordinate. The activation free energy, AG in 

Equation 1.12 and 1.13 corresponds to the energy difference between the crossing point 

and the reactant minimum in Figure 1.13. The term K is the probability that the 

reactants, on reaching the geometry of the crossing point, convert into products.
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From Figure 1.13, the activation free energy is determined by the combined effects of 

the degree of distortion between products and reactants (horizontal displacement) and 

the driving force of the reaction (vertical displacement). Marcus Theory expresses this in 

the equation below.

A G * =  (A ,/4 )(1 + A G 0/A,)2 Equation 1.13

The parameter X is the reorganisational energy. This can be split into the sum of two 

independent contributions (Equation 1.14), corresponding to reorganisation of “inner” 

(bond lengths and angles within A and B) and “outer” (solvent reorganisation around the 

reacting pair) nuclear modes.

A, =  X.i +  X.0 Equation 1.14

The behaviour predicted by the Marcus model in the highly exoergonic AG° region has 

attracted much attention. According to Equation 1.13, AG" equals A,/4 at AG° = 0, goes 

to 0 at AG° = -A., and increases again for more negative AG° values. This is represented 

in Figure 1.14 below.

Figure 1.14 The potential energy curves fo r  the reactant and product oj 
an electron transfer process in the 3 types o f  system identified by the

Marcus model.
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This predicts that for moderately exoergonic reactions the driving force is expected to 

help the reaction kinetics, but for strongly exoergonic reactions the driving force is 

predicted to act against it. The AG° region in which this happens is known as the 

“Marcus inverted region.”

Both optical and photoinduced electron transfer may be followed by a thermal back- 

electron transfer process.

A + ~  B  —> A ~  B  Equation 1.15

The relationships between optical, photoinduced and thermal back electron-transfer 

processes are illustrated in Figure 1.15. 17

Figure 1.15 Relationship between optical (1), photoinduced (2 and 3) and thermal back 

(4) electron transfer processes in supramolecular species.
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Optical electron transfer is often observed for mixed-valence compounds where partially 

oxidised forms show structureless bands in the Near Infra-Red (NIR) region (7000- 

10000 cm'1) and are called Intervalence Transfer (I.T.) bands or metal to metal charge 

transfer (MMCT) bands.

The energy of an IT band consists of an inner and an outer sphere part. The inner sphere 

part is due to the fact that the metal-ligand bond lengths and the force constants are 

different for M(II) and M(Hl) ions (À .j  in Equation 1.14). The changing nuclear 

configurations give rise to an activation barrier to electron transfer as nuclear motion 

occurs on a timescale of 10'n -10'13 s whereas electronic motion occurs in <10'15 s. 

The outer sphere part is due to the changes solvent dipoles which have to reorientate 

themselves when the oxidation state is changed (A,0 in Equation 1.14).

It is obvious therefore that h  is an intrinsic property of the supermolecule, whereas X0 

depends on the reorganisation of the solvent environment. By measuring the IT band in 

different solvents the influence of the inner-sphere and the outer-sphere energies on the 

IT band may be calculated.

The extent of electron delocalisation in a mixed valence compound, a 2, can be 

calculated from the properties of the IT band

Ot2 =  (4.2x10 4)£maxAVi/2 /  d2.Eop Equation 1.16

where a 2 = extent of electron delocalisation,

Smax= extinction coefficient of the IT band (M ^cm1)

Avi/2 = peak width at half the peak height 

d = distance between the metal centres (À)

Eop = energy of the IT band (cm'1)

The bandwidth at half the peak height can be derived from
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AVi/2— [2310(Eop. AE)]1/2 Equation 1.17

where AE = the energy difference induced by the asymmetrical environment.

The nature of valence delocalisation in mixed valence systems has been classified by 

Robin and Day. 56 The classifications can better be explained while considering an 

example of a binuclear complex such as that in Figure 1.16.

[Ru(NH3)5-BL-Ru(NH3)5]5+ Figure 1.16

Class I The electronic coupling between the centres is very small or totally

absent, and the properties of the supermolecule are essentially a superposition of those 

of the individual components. An example of this type of system would be 

[Ru(NH-i);(P2P)RuiNHi)5]5r (where P2P = l,2-di-(pyrid-4’-yl-ethane)).57 The system 

exhibits properties which are simply a superposition of the properties of the isolated 

mononuclear components [Ru(NH3)5]2+ and [Ru(NH3)s]3+. The electronic interaction 

between the metal centres is absolutely negligible. The curves in Figure 1.17A represent 

the system. Even if the system does acquire sufficient activation energy to reach the 

intersection region, the probability of electron exchange is still negligible.

Class II The electronic coupling between the metal centres is appreciable, either 

as a consequence of direct orbital overlap or via a through bridge mechanism, and a 

number of new properties of the supermolecule appear in the spectra (e.g. IT bands). 

Systems of this type can still be considered as valence localised, and will still exhibit the 

properties of the isolated [Ru(NH3)5]2+ and [Ru(NH3)s]3+ components. However new 

properties associated with the Ru(II)-Ru(III) interaction can also be observed. An 

example of this type of behaviour can be observed for the complex 

[Ru(NH3)5(POP)Ru(NH3)5]5+ where POP = 4,4’-bipyridine 57 Figure 1.17B represents 

the potential energy curves of such a system.
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Class in The properties of the isolated components of the supermolecule are 

absent and the electronic coupling of the metal centres is strong. In this case the 

binuclear compound is best considered a fully delocalised Ru(n,0)-Ru(ll1/2) system with 

properties that are mostly unrelated to those of the [Ru(NH3)5]2+ and [Ru(NH3)5]3+ 

components. An example of this type of behaviour is found when the bridging ligand in 

Figure 1.17C is NC-CN. 57 In this case the true first order curves show a single 

minimum at an intermediate geometry (Figure 1.17C).

Figure 1.17 Potential Energy curves fo r  mixed valence compounds with (a) 
negligible (b) weak and (c) strong electronic coupling. The dotted lines represent

zero order states.
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1.9 Spectroelectrochemistry:

Spectroelectrochemistiy involves the combination of an electrochemical technique with 

a spectroscopic one, so that the measurements may be performed simultaneously. This 

allows the electrochemical technique to serve as the excitation signal while the response 

of the system to this is measured spectroscopically. Optical spectroelectrochemistry 

ensures the integrity of the one electron transfer as a chemically and electrochemically 

reversible step. In addition, this impressive procedure provides valuable information 

about the constitution of the product from the resultant spectra. 58 Other advantages of 

this method incude (i) the species are studied near their ground state, avoiding large 

perturbations as in photochemically triggered reactions, (ii) the measurement, being 

static, is relatively simple and easy to perform, and (iii) interfaces from intermolecular 

effects are absent/negligible.59

Spectroelectrochemistry is most commonly used in the analysis of mixed valence 

dinuclear species to examine the nature and extent of metal-metal interaction and 

electronic coupling between the metal centres.

Much work has concentrated on the examination of the intervalence transitions in mixed 

valence compounds, but spectroelectrochemistry can also be used to probe ligand to 

metal charge transfer (LMCT) states. This is due to the relatively weak intensities (e < 

500cm'1) and non-emissive nature of the transitions. For example the visible spectrum of 

[Ru(bpy)3]3+ has two bands with maxima at 670 nm and 415 nm.

In general, low energy LMCT transitions are favourable when the metal is oxidising and 

the ligand reducing. These properties can be introduced into complexes by changing the 

nature of the 2,2’-bipyridyl ligand. Reasonably intense LMCT bands can be generated 

with Ru(m) and Os(IH) complexes with substituted bpy ligands. The properties of these 

LMCT bands were examined by Kalyanassundarum and co-workers. The donor strength 

of the bpy ligand was systematically tuned using different substituents (Me, OMe, NH2, 

NMe2) on the 4,4’- position. 60 It was found that the intensity of the LMCT transition
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increased with decreasing values of the redox potential. Also noted was the fact that 

replacement of a donor ligand, by a poorer donor or acceptor ligand caused a red shift in 

the observed LMCT transition.

Nazeeruddin et al. have examined the effects of increasing electron donating capacity of 

the donor ligand on the intensity of the LMCT state. 61 Their findings indicate that the 

larger the a-donor capacity of the ligand the more intense the band observed.

1.10 Scope of thesis

Chapter 1 has provided an introduction to supramolecular chemistry and some of the 

most important features of supramolecular species. The next sections of this thesis 

describes the synthesis and characterisation of mononuclear and dinuclear ruthemum(II) 

and osmium(II) bisbipyridyl complexes. In Chapter 2 the experimental methodology 

used to synthesise and characterise the complexes is described.

Chapter 3 introduces previous work in areas relevant to the complexes discussed in 

Chapters 3, 4 and 5. The ligands used (LLx) to synthesise the ruthenium complexes 

(Chapter 3), the osmium complexes (Chapter 4) and the dinuclear complexes (Chapter 5) 

are introduced and characterised in Chapter 3, which also contains the synthesis of the 

ruthenium complexes containing the LLX ligands. Chapter 4 describes the synthesis and 

characterisation of the osmium LLx complexes while Chapter 5 deals with a series of 

dinuclear complexes bridged by the LL7 ligand.

Chapter 6 acts as an introduction to Chapter 7. In Chapter 6 previous work in the area 

relevant to both chapters is reported, as is the synthesis of the monomeric precursors 

used in Chapter 7 to synthesise a series of surface active dinuclear complexes. The 

complexes described in Chapter 6 have been previously reported and their surface 

chemistry is well understood. Chapter 8 concludes this thesis with a brief outline of the 

work successfully undertaken and the future work necessary to conclude the 

characterisation of the novel complexes introduced in the previous chapters is outlined.
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Finally, two appendices are supplemented to this thesis. The first consists of X-Ray 

Crystal data for the complexes described in Chapter 3.4 and Chapter 5.4. The second 

relates to presentations made, poster presentations and contributions to a publication 

during the course of my research.
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Chapter 2: Experimental Procedures 

Abstract:
In this chapter details o f  experimental and basic synthetic procedures used in 

subsequent chapters are described. In addition a limited discussion o f  practical aspects 

o f  both synthetic procedures and physical measurements is included, in particular where 

major difficulties were encountered and where improvements to standard procedures 

were made.
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2.1 Materials and reagents
All synthetic reagents were of commercial grade and no further purification was 

employed, unless otherwise stated. All solvents used for spectroscopic measurements 

were of HPLC or UVASOL (Merck) grade. For luminescence measurements UVASOL 

grade solvents have been found to be the purest with respect to emissive contaminants, 

The ligands used in Chapters 3, 4 and 5 were provided by Prof. Doering and were used 

without further purification.

Deuteriation of 2,2’-bipyridyl was carried out in accordance with the literature 

procedure.1 After 3 days in the bomb (a general-purpose dissolution Bomb P/N 4744 

from Scientific Medical Products, which included a Teflon cup and cover), it was found 

that approximately 90% atom deuteriation had been achieved. This percentage improved 

only slightly with increased reaction times. However, following a repeat of the 

procedure, i.e. another 3 days in the bomb with fresh reagents it was found that atom 

deuteriation of >99% was achieved. The percentage deuteriation was calculated by 'H 

NMR experiments. A known amount of the undeuteriated ligand was dissolved in a 

known volume of solvent (¿/e-DMSO). The ratio of the peak integration of the ligand to 

the peak integration of the solvent was found. After obtaining a spectrum of the same 

amount of the perdeuterio ligand in the same volume of solvent, a second ratio was 

obtained. Comparison of the ratios led to a measurement of the percentage of the atoms 

which have been successfully exchanged. The *H NMR spectra of the deuteriated 2,2’- 

bipyridyl ligand is shown in Figure 2.1. The size of the solvent peak relative to the size 

of the 2,2’-bipyridyl ligand peaks should be noted. It is the ratio of the peak integration 

of these peaks that allow the second ratio to be calculated.

35



Chapter 2: Experimental Procedures

Solvent peak

Expansion of bpy protons

i—•—I—1—i—i—I—'—I—*—r—»—i
8.6 8.4 8.2 8.0 7.8 7.6 7.4
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bpy protons
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DDm

Figure 2.1 ]H N M R o f  dg-bpy in d/rDMSO. Note size o f  solvent peak  
relative to the bipyridyl protons.

2.2 Chromatographic techniques

Analytical HPLC

Analytical High Performance Liquid Chromatography (HPLC) experiments were carried 

out using a JVA analytical HPLC system consisting o f  a Varian Prostar HPLC pump 

fitted with a 20  pL injection loop, a Varian Prostar PDA detector connected to a 

dedicated PC, and a HiChrom Partisil P10SC X -3095 cation exchange column. The 

m obile phase used was 80:20 (v:v) CEkCNiHzO containing typically 0.08-0.01 M  

LiC104, the flow  rate was between 1.8 and 2.5 cm3/min. The monitoring wavelength 

used was 280 nm.
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Column Chromatography

Column chromatography was carried out on activated neutral alumina (AI2O3, 150 

mesh) or on silica gel (80/20 (v:v) CH3CN/H2O saturated with KNO3).

2.3 Nuclear Magnetic Resonance spectroscopy

NMR spectroscopy is an invaluable tool not only in the identification of compounds but 

also in the monitoring of reactions and the determination of purity. It is used extensively 

throughout this thesis and where practical full assignment of 'H spectra have been made 

using a combination of 2-dimensional techniques 2

1H and ’H  Cosy Spectroscopy

All ‘H (400 MHz) and 2D (75 MHz) NMR experiments were recorded on a Bruker 

Avance 400 NMR Spectrometer and the free induction decay (FID) profiles processed 

using XWIN-NMR software package. All measurements were carried out in (CD3)2SQ, 

CD3CI or (CD3)2CO for ligands and CD3CN or (CD3)2CO for complexes. Peak positions 

are relative to residual solvent peaks. For 1H Cosy NMR experiments 256 FID’s, each of

8 scans, consisting of IK data points were accumulated. After digital filtering using a 

sine bell squared function, the FID’s were zero filled in the FI dimension. Acquisition 

parameters were FI = +/- 500 Hz, F2 = 1000 Hz, ti/2 = 0.001 s and the recycle delay was

1.5 s.

2.4 Absorption and Emission Spectroscopy
LTV/Vis spectra were recorded on a Shimadzu UV.Vis/NIR 3100 spectrophotometer 

interfaced with an Elonex-466 PC using UV. Vis data manager. Samples were held in 0.1 

or 1 cm pathlength quartz cuvettes.

Emission spectra were recorded at all temperatures using a Perkin-ElmerLS50 or LS50- 

B Luminescence spectrophotometer interfaced with an Elonex-466 PC using windows

3.1 based fluorescence data manager software. Emission and excitation slit widths were 

typically 3, 5 or 10 nm depending on conditions. Measurements at 77 K were carried out
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in liquid nitrogen filled glass cryostat, with sample held in a NMR tube. Measurements 

between 90 K and 280 K were carried out using an Oxford Instruments liquid nitrogen 

cooled cryostat model 39426 with samples being held in a home made quartz or glass 

cuvette. Spectra are uncorrected for photomultiplier response.

Emission Quantum yield measurements

Quantum yield measurements were carried out by the optically dilute method 3 by 

comparison with [Ru(bpy)3](PF6)2 4 in aerated/deaerated acetonitrile. Emission spectra 

were obtained at a wavelength where the absorption by [Ru(bpy)3](PF6)2 and the sample 

under examination are equal. The area under the emission spectrum (A) of each sample 

was calculated using the spectrometer supplied software and the quantum yield was 

calculated from Equation 2.1:

0 / 0  = A /A
E q u a t io n  2.1 unkown [Ru(bpy)^(PF 2̂ unkmvn [Ru(bpy)J(PFj2

Where <I> is the quantum yield and A is the area under the emission spectrum. As all 

quantum yield measurements were carried out in acetonitrile, compensation for 

refractive indices is unnecessary.

2.5 Luminescent Lifetime Measurements
All lifetime measurements reported have been determined using TCSPC (Time 

Correlated Single Photon Counter) either atDCU using an Edinburgh Instruments nf900 

ns flashlamp and CD900 TAC (time to amplitude converter) or at the Department of 

Photochemistry, “G. Ciamician”, University of Bologna, Italy using an Edinburgh 

Instruments instrument of similar design but with manual TAC control. Lifetimes were 

measured using Uvasol Solvents (Lennox chemicals) (MeCN at room temperature, 

butyronitrile at 77K) and either degassed using Ar purge for 15 min or by undergoing 

four freeze-pump-thaw cycles. Deconvolution of the lamp profile was carried out for 

samples, which showed either veiy weak emission and/or had emission lifetimes < 50
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ns. The lamp profile was obtained using a colloidal suspension of silica in water as 

scattering agent. Data correlation and manipulation was carried out using the program 

F900, Version 5.13.

2.6 Photochemical studies

Photolysis studies were carried out by placing samples in Quartz matched cuvettes for 

both UV/Vis and 'H NMR studies, and placing them before a 100 W Tungsten filament 

light source slide projector (Kodak Carousel S-AV2020). This produces light with a 

broad spectrum similar to that of solar energy. Sample heating was prevented using a 

water filter.

2.7 Electrochemical Measurements:
Cyclic voltammetry (100 mV/s) and DPV (step height: 50 mV, increment: 4 mV, pulse 

duration: 60 ms, sampling interval: 20 ms, frequency: 5 Hz that is. 5 pulses per second, 

or a “pulse period” of 0.2 seconds) carried out in acetonitrile with 0.1 M TBABF4. A 

conventional three-electrode cell was used. A 2 mm Pt disk electrode sealed in Kel-F 

(purchased from CH Instruments) was used as the working electrode, the counter 

(auxiliary) electrode was a coiled Pt-wire, and a Ag/Ag+ (acetonitrile + lOmM AgNOs + 

0.1 M TBABF4) half-cell was used as reference electrode. The solutions were degassed 

with argon and a blanket of argon was maintained over the solutions during the 

experiments. Glassware used was dried in a vacuum oven at 80°C overnight or flamed 

using a Bunsen burner previous to preparing solutions and running experiments. The salt 

was dried in the vacuum oven overnight at 80°C. The electrodes were polished on a soft 

polishing pad (Struers, OP-NAP) with an aqueous slurry of 0.3 micron alumina 

(Buehler) and sonicated for at least 5 min in MQ-water to remove any remaining 

polishing material from the surface of the electrode. The working electrodes were rinsed 

thoroughly with acetone and dried in air before insertion into the cell. The reference 

electrode was calibrated externally by carrying out cyclic voltammetry (also at 100
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mV/s) in solutions of ferrocene of roughly the same concentration as that of the 

complexes (0.4 -  2 mM) in the same electrolyte at the end of each day of experiments.

Spectroelectrochemistry was carried out using an optically transparent thin layer 

electrode (OTTLE) set-up comprising of a homemade Pyrex glass, thin layer cell 

(1mm). The optically transparent working electrode was made from platinum gauze, the 

counter electrode used was a platinum wire, and the reference electrode was a pseudo 

Ag/AgCl reference electrode. Spectroelectrochemistry5 was carried out in anhydrous 

acetonitrile (Aldrich), and the electrolyte employed was 0.1 M TEAP perchlorate. The 

working electrode was held at the required potential throughout the measurement using 

an EG&G PAR Model 362 scanning potentiostat. In order to perform the experiment 

properly, the Ag/Ag+ wire was calibrated against the Fc/Fc+ standard before each 

experiment was carried out. This allows the oxidation potentials observed during the 

electrochemical measurements to correlate with the spectroelectrochemical 

measurements. All references are quoted as being Fc/Fc' using the relevant conversion 

factor. 6,7 Absorption spectra of the species generated in the OTTLE cell were recorded 

on a Shimadzu 3100 UV-Vis/NIR spectrophotometer interfaced with anElonexPC-433.

2.8 Elemental Analy s i s

Elemental analysis on C, H, and N was carried out at the Microanalytical Laboratory of 

University College Dublin (UCD). The CHN analyser used is an Exador analytical 

CE440.
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Chapter 3: Synthesis and Characterisation of a series of
'y |

[Ru(bpy)2(LLx)] complexes: 

Abstract:

Chapter 3 introduces a series o f  novel bidentate ligands (LLJ and the corresponding 

ruthenium(ll) bisbipyridyl complexes o f  these ligands. This chapter begins with an 

investigation o f  the photophysical, electrochemical and photochemical properties o f  

previously reported complexes which are expected to have similar properties to the 

ruthenium(II) complexes presented here. The introduction and the discussion o f  the 

properties o f  the ligands in Chapter 3 are relevant also fo r  the complexes discussed in 

Chapter 4 (osmium(II) complexes) and the dinuclear complexes discussed in Chapter 5.

An involved chemistry has been observed fo r  the ruthenium(II) complexes o f  the LLX 

ligands. In order to understand this better, the properties o f  the free ligands have also 

been examined and this serves as an introduction to the interesting properties o f  the 

complexes.
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3.1 Introduction

Chapter 3 introduces a series of ligands which has been used to prepare a series of novel 

ruthenium(IT) and osmium(U) complexes. The synthesis and characterisation of the 

ruthenium complexes are discussed in this chapter, while the osmium(H) complexes are 

discussed in Chapter 4 of this thesis. These complexes take the form 

[M(bpy)2(LLx)](PF6)2 (where M = Ru or Os and LLX is one of ligands detailed below). 

The structures of the ligands are detailed in Figure 3 .1.

LLl = 2-pyridyl imidazo[l,5-a] pyridine

LL3 = 2-pyridyl triazo[l,5-a] pyridine

CH,

LL2 = methyl (2-pyridyl imidazo[l,5-a] pyridine) 

1]

LL4 = 2-phenol-(2-pyridyl imidazo[l,5-a] pyridine)

MeO

LL5 = 2,4 dichlorophenyl-(2-pyridyl imidazo[ 1,5-a] pyridine) LL6 = 2,5 -dimtfhoxyphenyl-(2-pyridyl imidazo[l,5-a] pyridine)

jS-N N~\
H3C CHj

LL7 = l,4-phcnylcnc-bis-(2-pyridyl imidazo[l,5-a] pyridine) LL8 = bis-2-pyridyl imidazo[l,5-a]

Figure 3.1 Ligands used to synthesise the complexes discussed in Chapters 3,4 and 5.
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With the exception of the LL1 ligand which was reported in 1992 by Grigg et al. 1 none 

of the other ligands, and no attempt to synthesise either the ruthenium(ll) or osmium(II) 

complexes containing these ligands has been reported previously. The ligands consist of 

a pyridine ring fused to a 5 membered imidazo (or triazo, LL3) type ring system. This 

conjugated, fused 5 and 6 membered ring system is bound to a second pyridine ring, and 

the free nitrogens on this pyridine ring, and the free nitrogen on the imidazo/triazo ring 

provide the opportunity for bidentate binding of metallic species. The uniqueness of 

these ligands is provided by the extended conjugated 7t-system afforded by the fused 5 

and 6 membered rings.

Before the properties of the [Ru(bpy)2(LLx)](PF6)2 complexes are introduced, it is 

important to examine the properties of ruthenium and osmium complexes whose results 

are expected to be comparable to those reported here. Examination of these results will 

greatly ease the characterisation of the new complexes being introduced in this chapter 

and Chapters 4 and 5. What follows in this section details some of the relevant work 

carried out in this area.

The ligands with which comparisons will be drawn are represented in Figure 3.2.
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C
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>\ Z/ A\  /  
N - N  N -

H
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N N -N H  
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^ = N  N " n

K = a  hplll
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c y t o  c K >  Q - o

PBzImH PImH Bpm

Figure 3.2 Ligands with which comparisons can be made.

The abbreviations used in Figure 3.2 are expanded upon in Table 3.1.
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Abbreviation Full Name Abbreviation Full Name

biImH2 Protonated 2,2’-biimidazole btpb 2,6-bis(2’-pyridyl)-

2,2’:6,2” -thiazolo[4,5-

d]benzothiazole

bibzImH2 Protonated 2,2’- 

bibenzimidazole

bbbpyH2 2,2’-bis(2-

benzimidazolyl)-4,4’-

bipyridine

Mpzt 1 -methyl-3 -(pyrazine-2-yl)- 

1,2,4-triazole

PBim-SB-pBim

bpbimH2 2,2’-bis(2-

pyridyl)bibenzimidazole

bpbtH2 5,5’ -bis(2-pyridyl)-3,3 ’ - 

bi(l,2,4-triazole)

dimbpbim 1, l ’-dimethy 1-2,2’■-bis(2-

pyridyl)-6,6’-

bibenzimidazole

BpztH Protonated 3,5-

bis(pyrazine-2-yl)-

1,2,4-triazole

dpimbH2 2,6-bis(2’-

pyridyl)benzimidazole

bplH Protonated 3,5- 

bis(pyridine-2-yl)-l ,2,4- 

triazole

Bpm 2,2 ’ -Bipyrimidine mbptH 3 -(6-methyl-2-pyridyl)-

5-(2-pyridyl)-l,2,4-

triazole)

PBzIrnH 2-(2-pyridyl)benzimidazole PimH 2-(2-pyridyl)imidazole

Table 3.1 Explanation o f  the abbreviations used to label the ligands in Figure 3.2.

Complexes of the ligands BiImH2 and BiBzImH2 have been studied by Haga et al since 

the early 1980s. 2’3,6’7 These ligands were used for their coordinating ability toward
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transition metal ions as three possible species: neutral molecule (A), monoamon (B), or 

dianion (C) (Figure 3.3).

A B C

Figure 3.3 Representation o f  the three different pro to nation states possible with the

BiBzItn2 ligand.

The dianion (BiBzIm2' or Bilm2 ) ligands can also function as a bridging ligand between 

two metal ions to form binuclear compounds, which had been done before as in the case 

of [(r)5-C5H5)2Ti]2(BiBzIm) 4 and [Cu2(Me5dien)2(BiBzIm)](BPh4)2. 5 Of more interest 

however is the complex [Ru(bpy)2(biBzImH2)](C104)2 6. The electronic absorption 

spectrum of this complex contains an absorption band at around 460nm which has been 

assigned to a ruthenium to ligand n* charge transfer. As the pH is increased however the 

transition is shifted to lower energy with isosbestic points at 487nm and 513nm. This 

confirms the presence of the two protonation states in Figure 3.3 and the complex (A) 

undergoes two successive deprotonations. Electrochemistry of the monomer shows a 

reversible Ru(II)/Ru(III) couple with Ei/2= +1.11 V (vs SCE and AEP = 70 mV). The 

dimeric species [(bpy)2Ru(BiBzIm)Ru(bpy)2](C104)2 exhibits two pairs of anodic and 

cathodic waves at E1/2 = +0.74 and +1 04V (vs SCE), both of which are quasi-reversible. 

(AEp=95mV)

Following on from the ruthenium benzimidazole complexes, further similar ligands were 

synthesised and the ruthenium complexes made.7 These complexes are of the form 

[Ru(bpy)2(LL)]nl where LL = PbzImH and PimH From the spectral and electrochemical 

measurements made on these complexes, the metal to ligand charge transfer bands and
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the oxidation potentials were rationalised based on the cr-donor properties of the LL 

ligand which was found to increase in the order bpy < PbzImH < PimH < BiBzImH2 < 

BihnEfc. The deprotonated forms of the ligands have a stronger 7i-donor property than 

the protonated forms. It was also found that the emission lifetime decreases with 

increasing number of imidazole groups, which was suggested to provide a rapid 

deactivation pathway to the excited state.

The electronic spectra of the ruthenium complexes all contain low energy bands at 

460-470 nm which may be assigned to 1MLCT transitions and the two bands with 

maxima at 290 and 240 nm to bipyridine intraligand 7r— transitions. The 'MLCT 

transition energies of [Ru(bpy)2(LL)](C104)n (n = 1 or 2) decrease in the order of LL = 

bpy > PbzImH > PimH > BiBzImH2 > BiImH2.

Comparison of the pKa values of the PimH and PbzImH complexes (7.9 and 6.8) with 

those of the free ligands (13.4 and 12 respectively 8) indicates that the acidity of the 

ligands increase upon complexation to the metal ion. The pKa values of the complexes 

of the benzimidazole derivatives are smaller than those of the imidazole derivatives 

which is due to the electron withdrawing effect of the benzene ring of the 

benzimidazole.

It is clear that one of the most important features of the chemistry of complexes of these 

ligands is their acid-base chemistry. This is not relevant for comparison with the ligands 

used in Chapters 3, 4 and 5 and therefore much of the acid-base chemistry of these 

systems will be ignored in this introduction and concentration will be focussed on the 

protonated monomeric species and on the dimers of these ligands as these most closely 

represent the compounds which will be discussed in the following chapters.

The electrochemical data for these complexes are given in Table 3.2.
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Ligand (LL) 'Em, V vs SCE

Oxidation Reductions

PBzImH +1.17 -1.49,-1.76

PImH +1.14 -1.52,-1.78

BiBzImH2 +1.12 -1.60,-1.90

BiImH2 +1.04 -1.66,-1.96

Table 3.2 Electrochemical Data fo r  the protonated [Ru(bpy)2(LL)](Cl0 4 )2  complexes.

Again the increasing donor property of the ligands is represented by the Ru(n)—>Ru(m) 

oxidation potentials which move cathodically in the order BiImH2 > BiBzImH2 > PimH 

> PbzImH > bpy. The two reduction waves, both of which are reversible, are due to 

stepwise one electron reductions at the bpy ligands.

The preparation, spectroscopic and electrochemical properties of2,2-bibenzimidazolate- 

(BiBzIm ) bridged binuclear complexes of the formula [(bpy)2M(Bi BzIm)JVF(bpy)2]n ' 

(M = Ru, Os; M ’ = Ru, Os, Co, Ni) were reported in 1987.9 The Os(II)-Os(III) mixed 

valence complex shows multiple intervalence transfer (IT) absorption bands in the near 

infra-red region. The Ru(n)-Ru(ni) and Ru(n)-Os(m) mixed valence complexes also exhibit 

IT bands. The UV-visible absorption spectral data contain the expected 7t-7c*(bpy) 

transitions at circa 245 and 290 nm. The BiBzlm ligand contributes its own n-n* 

transitions to the absorption spectra of the complexes, at 318 and 355 nm, and 362 nm 

for the homonuclear Ru-Ru and Os-Os complexes respectively. The heteronuclear Ru- 

Os dimer has 7t-7i*(BiBzIm) transitions at 357 nm. The l max of the MLCT bands for the 

Ru-Ru complex is 505 nm, for Ru-Os it is 501 nm, 683 nm and 740 nm, while the Os-Os 

complex contains absorption bands associated with the d7r-7r*(bpy) transitions at 518 

nm. The additional absorption bands in the osmium dinuclear complexes, observed 

between 670-740 nm, have been assigned to a triplet d7t-7t*(bpy) MLCT transition.
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For the homobinuclear Ru-Ru and Os-Os complexes, two successive reversible electrode 

oxidation couples are observed, each corresponding to a one electron process. The 

heterobinuclear Ru-Os complex also shows two reversible couples. The first being 

assigned to a Os(n)-Os(III) couple and the second a Ru(n)-Ru(m) couple.

If the oxidation potentials are compared to those of the analogous mononuclear 

compounds, it is found that the first oxidation potential of the binuclear complexes is 

0.3 V lower than those of the mononuclear analogues. This indicates that the bridging 

ligand, i.e. BiBzIm, has a greater electron donating ability in the binuclear complexes. 

This compares to the results found for the binuclear compound 

f(bpy)2Ra(bpm)Ru(bpy)2]4 which has an oxidation potential of 0.2V higher than for its 

analogous monomer. Bpm (see Figure 3.2) has been shown to act a good 7t-acceptor. 

The electrochemical data for the complexes are given in Table 3.3.

M-M» Em , V vs SCE (AEP, mV)

Ru(n)-Ru(1U) Os -OstUIJ

Ru-Ru +0.77 (61),+1,06 (63) -

Ru-Os +1.01 (64) +0.39 (66)

Os-Os - +0.40 (68), +0.58 (65)

Ru +1.12(70) -

Os - +0.66 (63)

Table 3.3 Oxidative electrochemical data fo r  the binuclear and mononuclear complexes 

l(bpy)2M(BiBzIm)M ’(bpy)2 ](CIO4)2 andfor [M(bpy) 2(BiBzImH2)  j  (CIO 4) 2 in M eCN  

(0.1MTBAP) at a platinum electrode. 9

Further work was carried out on the monomeric BiImH2 and BiBzImH2 ruthenium 

complexes by Rillema and co-workers.10 [(Ru(bpy)2)2BiIm]2+ and the series 

[Ru(bpy)n(BiImH2)3-n]2+, [Ru(bpy)n(BiBzimH2)3̂ ]21 and [Ru(bpy)n(BiBzIm)Ru(bpy)2)3- 

J 2t, where n = 0-2 were synthesised and examined. It was found that the redox potential 

for the first Ru(n)-Ru(UI) couple shifted negatively from +1.26 V vs SSCE to -0.26 V as
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bpy ligands were replaced by BilmEfc, BiBzImH2 and “BiBzImRu(bpy)2” ligands. 

Reduction waves were found in the -1 .5  to -1 .6 V  region for com plexes containing a bpy 

ligand, but none were observed out to - 2  V  for [Ru(BiImH2)3]2+ or [Ru(BiBzImH2)3]2+.

Complex dn—>7ii * 7t—>71 *BiBzIm 71—>71*

(nm) (nm) (nm) (nm)

[Ru(bpy)2(BiBzIm lÏ2)]2t 463 - 350 291

483 - 332 243

[Ru(bpy)(BiBzImH2)2]2+ 465 - 350 292

- - 332 245

[Ru(BiBzImH2)3]2+ 483 - 351 242

- - 333 -

[Ru(bpy)2(BiImH2)]2+ 473 340 - 289

432 - - 242

[Ru(bpy)(BiImH2)2]2+ 487 366 - 294

- - - 287

- - - 248

[Ru(BiImH2)3]2+ 401 - - 297

- - - 285

- - - 276

BiBzTmH2 - - - 309

BilmEb - - - 276

Table 3.4 Visible-UV Spectral Data fo r  the Ruthenium(II) Bibenzimidazole and 

Biimidazole complexes andfree ligands in MeCN . 10

The spectral changes associated with the [Ru(bpy)n(BiBzImH2)3-n]2+ series should be 

examined more closely. The low  energy bands are related to d7i—>7i* transitions and are 

found to red shift as bpy is replaced by BiBzImHa. For [Ru(BiImH2)3]2+ the absorption 

at 483 nm can be assigned as a drc—>7i*(BiBzIm H2) transition. H owever for the 

compounds [Ru(bpy)2(BiBzImH2)]2+ and [Ru(bpy)(BiBzImH2)2]2+ the low  energy
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maxima are more likely to be dii—»7r*(bpy) due to the fact that coordinated bpy is 

reduced electrochemically preferentially with respect to coordinated BiBzImH2. The 

substantial red shift (circa 20 nm) of the low energy MLCT absorption maxima of 

[Ru(BiBzImH2)3]2+ in comparison to [Ru(bpy)2(BiBzImH2)]2+ and 

[Ru(bpy)(BiBzlmH2)2]2+ could be explained by loss of the d7i-^7i;*(bpy) component or 

by increased steric crowding around the ruthenium centre.

The complexes are weak emitters with the tris chelates [Ru(BiImH2)3]2+ and 

[Ru(BiBzImH2)3]2+ having no emission at both room temperature and 77K. This rules 

out direct involvement of the BiImH2 or BiBzImTk ligands in the emission decay of the 

mixed-ligand complexes. Therefore, absorption of light most likely populates the 

3MLCT state associated with one of the bipyridine ligands and emission is observed 

from this level.

Complex Oxidation

(V)

Reduction

(V)

e i/2(1) E1/2O) E i/2(2 )

[Ru(bpy)2(BiBzImH2)]2+ 1.04 -1.66 -1.96

[Ru(bpy)(BiBzlmH2)2]2+ 0.80 -1.61

[Ru(BiBzImH2)3]2+ 0.54

[Ru(bpy)2(BiImH2)]2+ 1.12 -1.60 -1.90

[Ru(bpy)(BiImH2)2]2+ 0.91 -1.48

[Ru(BiImH2)3]2+ 0.80

Table 3.5 Cyclic Voltammetry data fo r  the ruthenium Biimidazole and Bibenzimidazole 

Complexes in M eCN (0.1M TEAP or TBAH). Potentials are in V vs SSCE. 10

The Ei/2(1) values for these monometallic species follow the sequence 

[Ru(BLH2)(bpy)2]2T > [Ru(BLH2)2(bpy)]2+ > [Ru(BLH2)3]2+, where BLH2 is either 

BilmH2 or BiBzImH2. Also the Ei/2(1) values for analogous BiBzhntk based complexes 

are more positive than BilmEk based complexes which indicates that BilmTt is a
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stronger a  donor than BiBzImEk. The systematic negative shift as bpy is replaced by 

BLH2 results from an increase in the electron density on the ruthenium metal centre.11

Since the early 1990’s focus has shifted from the biimidazole and bibenzimidazole 

ligands. Haga et al. were again at the forefront of this work. The ligand bpbzimH2 is an 

example of this.12,13 Comparison of the structure of the bpbzimFfe ligand (Figure 3.2) 

with the LL7 ligand shows the similarities of the two bridging ligands. One of the more 

interesting features is the fused five membered imidazo moiety with a six membered 

ring. The structures of the bpbzimH2 and LL7 ligands can be seen in Figure 3.4.

LL7 = l,4-phenylene-bis-(2-pyridyl imidazo[l,5-a] pyridine)

BPBzImH2

Figure 3.4 BPBzImH2 ligand studied by Haga etal. compared to LL7.

The oxidation potentials of the dimeric forms of the homonuclear Ru-Ru and Os-Os 

bipyridine complexes have been reported.12 For [Ru(bpy)2(BPBzImH2)Ru(bpy)2]4+ this 

was found to be 0.94V vs Ag/AgCl, whereas for the [Os(bpy)2(BPBzImH2)Os(bpy)2]4+ 

this oxidation potential is lowered at 0.53 V vs Ag/AgCl. What is interesting to note is
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that for the diprotonated complexes, there is only one oxidation potential reported, 

which would indicate that the coupling between the metal centres could be described as 

weak. This is confirmed by the spectroelectrochemisty results which indicate the 

presence of a very weak, broad Intervalence Transfer band for the mixed valence Ru(II)- 

Ru(UI) complex. This IT band appears at 7300 cm'1, on the edge of an LMCT transition 

which is centered at 14,400 cm'1. The assignment of the IT band was confirmed by its 

disappearance on fully oxidising the complex. The mixed valence osmium complex 

Os(n)-Os(ni) also has a very weak IT band at 9100 cm'1 as well as the d7t-d7t and LMCT 

transitions.

Until this point, dinuclear complexes with c/7t donor bridging ligands were relatively 

sparse.14,15,16 The ligand above with its benzimidazole groups, has a cj/ti donor property. 

Once the benzimidazole unit is coordinated to the metal ion, the imino N-H proton 

becomes more acidic and is easier to remove. The metal-metal interaction can be 

controlled by proton transfer on the bridging ligand. The degree of metal-metal 

interaction of the deprotonated dinuclear complexes becomes 4-6 times larger than that 

of the protonated species. This can be explained in several ways -  the total charge is 

decreased from +4 to +2 and thus electrostatic repulsions between metal ions decreases. 

In addition electrostatic attraction between cationic metal and anionic bridging ligand 

may arise.

Another compound investigated was the bridging tetradentate ligand 2,6-bis(2- 

pyridyl)benzoimidazole, (dpimblL) (see Figure 3.5), which was found to have strong c- 

donor properties in comparision to bpy.17,18 The extent of electronic exchange 

interaction had seldom been determined for metal to ligand CT excited states in 

binuclear compounds before this. Emission energy shifts of blnuclear compounds 

compared with the corresponding mononuclear compounds do not necessarily indicate 

the extent of electronic interaction between ruthenium ions bridged by 2,3-bis(2- 

pyridyl)pyrazine 19 or 2,2’-bipyrimidine 20, as a positive charge on the remote ruthenium 

ion shifts the reduction potential of the bridging ligand to less negative values which in 

turn lowers the energy of the metal to ligand CT emission. In the case of the compound
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[(Ru(bpy)2)2(dbimbH2)]4+ it was found that chromophore-chromophore interaction in the 

CT state allowed delocalisation of the excited state through the whole binuclear 

compound. The rate of the CT exchange depends on the extent of electronic exchange 

interaction between the excited Ru(m) site and the unexcited Ru(n) site, as the Ru(ni)-Ru(II) 

interaction is small compared to intraligand interaction.

dP' m b H 2 bbbpyH2

Figure 3.5 Schematic o f  the ligands being discussed in this section.

The ligand bbbpyFk (2,2’-bis(2-pyridyl)-6,6’-bibenzimidazole) was prepared. 21 (Figure 

3.5) As with many similar systems, it was found that its complexes exhibited proton 

induced switching of metal-metal interaction by proton transfer in the bridging bbbpyH2 

ligand.

The absorption spectra of the mononuclear complex [Ru(bpy)2(bbbpyH2)](C 104)2 

consists of three well resolved bands. The band at 459 nm is assigned to the Ru(n)-bpy 

and bbbpyH2 metal to ligand charge transfer transitions from comparison with the 

spectra of [Ru(bpy)3](C104)2 and [Ru(bpy)2(BiBzImH2)](C104)2. The MLCT band 

occurs at almost the same wavelength as that of [Ru(bpy)3](C104)2. Since free bbbpyHo 

has a n— intraligand transition at 337 nm (in MeCN) the band at 346 nm can be 

assigned as a 7i->7t*(bbbpyH2) intraligand transition. The lowering of this transition in 

comparison to bibzImH2 reflects the destabilisation of the 7t orbital and the stabilisation 

of the 71*  orbital based in the interaction of the two BiBzTmH2 chromophores. The higher 

band at 289 nm is assigned as a 71—>7i*(bpy) intraligand transition. The corresponding 

osmium complex has an additional absorption band at 606 nm which can be assigned to 

a d7t—>7t* triplet transition.
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On coordination of a second Ru or Os metal centre to the monomeric complex, the 

MLCT at 406 nm remains almost unaltered except that it becomes twice as intense 

compared to the mononuclear compounds. For 7t-accepting bridging ligands a shift to 

longer wavelength is expected on coordination of a second metal.22 In this case the 

energy of the 7i* orbital of the bridging ligand is slightly lower than that of bpy and the 

energy of the MLCT band is almost unaltered on going from the mono to the dinuclear 

compound.

Work has continued with these types of ligands with benzimidazolate bridging ligands. 

Recently Khalil et al. has coordinated the 2-(2’-pyridyl)benzimidazole ligand with 

Ru3(CO)i2 and Os3(CO)i2. 23 The intervalence transfer properties of the binuclear 

ruthenium complexes containing benzotriazolate or benzimidazolate bridging ligands are 

being examined and reported by Rocha et al. 24,25 More recently again, benzimidazoles 

are being used to model important bioinorganic systems. Benzimidazole complexes have
26 27 28been evaluated for antifungal activity and as antitumour agents. ’ ’

The majority of the ligands used in Chapters 3 and 4 are based on 2-pyridyl and imidazo 

type structures. The ligand LL3 however is based on a 2-pyridyl and a triazo type 

system. In order to allow the photophysical and electrochemical results found for the 

ruthenium and osmium complexes of LL3 examination of some ruthenium and osmium 

triazole compounds are examined next.

Another type of ligand whose properties are of relevance are the triazole and pyridyl 

triazole series. The first report of 1,2,4-triazole ligands and their ruthenium complexes 

was by Vos and co-workers in 1983. 29 It was noted in these reports that the triazoles 

possess weak 7r-acceptor properties in comparison to bpy. The triazole contains two 

different coordination sites, which gives rise to the possibility of coordination isomers. It 

has been found that these isomers are easily separated by chromatographic techniques or
30 31 32by fractional crystallisation. ’ ’ The coordination isomers possess different 

photophysical and electrochemical properties. Examination of the diagram below 

indicates why those differences may arise.
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Figure 3. 6  N 2 ' and N 4 ' bound coordination isomers o f  
[Ru(bpy)2(p tr ) f

The ruthenium may bind via the N2’ or the N4’ of the triazole. The N4’ site is known to 

be a stronger a-donor than the N2’ site. This is noticeable in the pKa for the protonation 

of the free nitrogen in the complex, where the pK„ for the N4’ bound complex is higher 

than that of the N2’ bound complex. 33 The complexes of pyridyl triazoles show 

interesting acid-base chemistry also. The properties of the complexes are pH sensitive.34 

Normally the triazole is deprotonated when coordinated to the metal centre, which 

means a negatively charged ligand. This is easily protonated in acidic media, and 

protonation results in significant changes in the photophysical and electrochemical 

properties of the complexes. The changes are caused by the loss of some of its c-donor 

ability due to the fact that protonation removes the negative charge from the ligand. This 

results in a considerable loss of emission intensity and the MLCT of the complex is 

shifted to lower energy on protonation.

One of the most studied triazolate type bridging ligands is 3,5-bis(pyridin-2-yl)-l,2,4- 

triazole (Hbpt) (Figure 3.2). The photophysical and electrochemical properties of the 

ruthenium and osmium compounds containing this ligand have been reported since the 

late 1980s 35,36,37,38,39 and are summarised in the Tables 3.6-8.
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Compound Absorption Emission (b)

298K (a)
77K 298K

tan n in ) 2tmax(nm) T, US Xmax(nm) T,fXS

(c)

T, |JS 

(d)

[Ru(bpy)3]2+ 452 582 4.8 615 0.80 0.17

[Ru(bpy)2(bpt)f 480 628 2.8 678 0.16 0.07

[(Ru(bpy)2)2(bpt)3H 453 608 3.6 648 0.10 0.056

(a) MeCN solution, (b) Butyronitrile solution, (c) deaeratcd solution (d) aerated solution.

Table 3.6 Absorption and Luminescence Properties o f  the ruthenium bpt compounds.

Replacement of a bpy ligand of [Ru(bpy)3]2+ by bpt' to give [Ru(bpy)2(bpt)]+ causes an 

increase in the electronic charge of the metal, with a consequent red shift of the metal to

ligand charge transfer absorption. Coordination of a second Ru(bpy)221 unit to the bpt-
2+

bridging ligand implies the sharing of its negative charge between the two [Ru(bpy)2] 

units with a decrease of the electronic charge on the Ru(n) ions and a consequent blue 

shift of the Ru—»bpy CT levels. This behaviour has already been discussed in the section 

on imidazole type ligands.

It was also mentioned earlier that the a-donor ability on the N2’ position is stronger than 

that on the N4’ position. On these grounds, for the binuclear species, the lowest energy 

luminescent 3MLCT state (which is Ru—»bpy in origin) is expected to be centred on the 

Ru-containing unit attached to the N 2’ position.
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Compound Absorption Emission (b)

298K (a) 90K 298K

^max(nm) Xmaxinm) t, ns M n m )  t, ns (c)

[Os(bpy)3]2+ 479 712 940 725 62

[Os(bpy)2(bpt)]+ 486 750 250 762 55

[(Os (bpy)2)2(bpt)3+ 475 765 340 762 33

[(bpy)2Ru(bpt)Os(bpy)2]3+ 459 741 670 756 30

[(bpy)20s(bpt)Ru(bpy)2]3+ 453 744 590 762 25

(a) MeCN solution, (b) Butyronitrile solution, (c) Deaerated solution

Table 3.7 Absorption and luminesence properties o f  the osmium bpt 

and mixed metal bpt compounds.

Replacement of a bpy ligand of [Os(bpy)3]2+ by bpt' to give [0s(bpy)2(bpt)]+ causes 

small red shifts in the metal to ligand (Os—>bpy) charge transfer absorption and emission 

bands.40,41 Coordination of a second Os(bpy)2 unit to the bpt- bridging ligand implies the 

sharing of the negative charge between the two Os(bpy)22+ units with an expected 

decrease in the electronic density on the metal ions and a consequent blue shift of the 

Os—»bpy CT levels. This however is negligible which contrasts with the analogous 

ruthenium complexes. This could be due to a compensation effect for osmium due to the 

more covalent character of the M-bpy bond. The case for the binuclear complex is the 

same as that of the ruthenium complex with the a-donor ability on the N2’ position 

being stronger than that on the N4’ position which leads to the lowest energy 

luminescent 3MLCT state (which is Os—>bpy in origin) being centred on the Os- 

containing unit attached to the N2’ position.

[(bpy)2Ru(bpt)Os(bpy)2]3+ and [(bpy)20s(bpt)Ru(bpy)2]3+ have intense absorption bands 

between 350-500nm which have been assigned as 1MLCT bands. At lower energies the 

additional bands visible have been attributed to forbidden transitions to the triplet state 

and are due to the increased spin orbit coupling caused by the osmium.
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Compound Oxidation Potential Reduction Potential

[Os(bpy>2bpt]' 0.49 - - -1.41 -1.69 -2.22

[Ru(bpy)2bpt]‘ 0.85 - - -1.47 -1.72 -2.28

[(Os(bpy)2)2bpt]' 0.64 0.85 0.21 -1.34 -1.57 -2.23

[(Os(bpy)2)2bpt]‘ 1.04 1.34 0.30 -1.40 -1.62 -1.67

[(bpy)2Ru(bpt)Os(bpy)2]3+ 0.73 1.20 0.47 -1.33 -1.41 -1.59

[(bpy)20s(bpt)Ru(bpy)2]3+ 0.65 1.30 0.65 -1.36 -1.63 -2.17

Table 3.8 Electrochemical data fo r  the various complexes containing bispyridyltriazole. 
A ll compounds measured inM eC N  with O .IM N B U 4 P F 6 . Potentials in V vs SCE.

As expected the oxidation potentials of the osmium complexes were approx. 0.4 V lower 

than for the analogous ruthenium complexes.42,43’44,45 The difference in oxidation 

potential of the mixed metal complexes Ru-Os and Os-Ru gives information on the 

influence of the different modes of coordination possible for the bpt- ligand. If both 

coordination sites were the same the potentials for both Ru-Os and Ru-Os should be the 

same -  they are not however which indicates that the differences in chemical 

environment is an important consideratory factor when discussing these complexes. The 

reduction potentials for the dinuclear compounds have similar values. These along with 

resonance Raman data indicate that the lowest it* level of these complexes is bpy based 

rather than based on the bpt" ligand.

The next section describes the synthesis of the ruthenium(II) bisbipyridyl complexes of 

the LLx ligands. These complexes have been structurally characterised by both lH NMR 

and in some cases X-Ray Crystallography. The chapter concludes with an examination 

of the photophysical, photochemical and electrochemical properties of this series of 

novel ruthenium(n) complexes.
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3.2 Synthesis of the [Ru(bpy)2(LLx)]2+ complexes

The previous section has dealt with the properties, both photophysical and 

electrochemical of ruthenium and osmium complexes which are expected to have some 

similar properties to those exhibited by the [M(bpy)2(LLx)]2+ complexes. It has been 

found that while the LLx ligands behave in many ways as expected, they do have several 

unique characteristics that can not simply be dismissed. It is therefore essential to 

investigate the properties of the free ligands

The next sections of this chapter details the synthesis of the ruthenium(II) complexes 

and a full characterisation of these complexes. In order to characterise the ruthenium 

complexes properly, the properties of the free ligands are introduced and discussed also, 

which simplifies the characterisation of the complexes formed using the LLx ligands.

Synthesis of cw-[Ru(bpy)2Cl2].2H20

This procedure has been modified slightly to that described by Meyer et al. 46 A 

suspension containingRUCI3.3H2O (3.90 g, 1.5x1 O'2mol), 2,2' bipyridine (4.68 g, 3x1 O'2 

mol) and LiCl (4.30 g, 0.10 mol) was refluxed in dimethylformamide (25 cm3). After 8 

hours the mixture was allowed to cool to room temperature and 125 cm3 of acetone was 

added. This was left at 0°C for 24 hours. The resulting violet precipitate was filtered and 

the isolated solid washed with water until the filtrate was no longer coloured. The solid 

was washed with diethylether and dried to yield 4.40 g of a microcrystalline solid. (57% 

yield).

Synthesis of [Ru(bpy)2(LLl)](PF6)2

TheLL1 ligand (100 mg, S.lxlO^mol) and [Ru(bpy)2Cl2].2H20 (250 mg, 4.8x10"1 mol) 

were placed in 10 cm3 of a 1:1 EtOH/EfeO mixture. This suspension was heated at reflux 

for 3 hours and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. 10 cm3 of a saturated aqueous solution of
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ammonium hexafluorophosphate was added to the filtrate to precipitate an orange/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer). The second 

band to elute yielded the desired product. The acetonitrile was removed in vacuo and an 

aqueous solution of NH4PF6 added to reprecipitate the pure product product which was 

filtered, washed with cold water and diethyl ether and allowed to dry to yield 315mg. 

(73%)

*H NMR (400 MHz, ¿/¿-acetone) 5 = 7.09 (dd, 1H), 7.26 (dd, 1H), 7.45 (dd, 1H), 7.58 

(m,4H), 7.81 (d, 1H), 8.05 (dd, 1H), 8.2 (m, 8H), 8.41 (m, 2H), 8.45 (m, 2H), 8.79 (m, 

4H). Total = 25 aromatic protons.

Elemental Analysis for C32H25N7RUP2F12: Calculated C 42.71, H 2.80, N 10.90. Found 

C 42.59, H 2.83, N 11.20 %.

Synthesis of [Ru(i4-bpy)2(LLl)](PF6)2-5H20
LL1 (51 mg, 2.6x1 O'4 mol) and [Ru(bpy)2Cl2].2H20 (137 mg, 2.6x1 O'4 mol) were placed 

in 10 cm3 of a 1:1 EtOH/HzO mixture. This suspension was heated at reflux for 4 hours 

and after this time the EtOH removed in vacuo. The solution was filtered to remove any 

excess unreacted ligand. 10 cm3 of a saturated aqueous solution of ammonium 

hexafluorophosphate was added to the filtrate to precipitate an orange/brown product. 

This product was isolated by filtration, washed with water and dried with diethylether, 

The compound was purified by column chromatography (stationary phase silica gel, 

mobile phase 80% acetonitrile, 20% water, 0.05M K N O 3  buffer). The second band to 

elute yielded the desired product. The acetonitrile was removed in vacuo and an aqueous 

solution of NH4PF6 added to reprecipitate the pure product which was filtered and 

washed with water and diethyl ether and allowed to dry yielding 195 mg. (82%)

!H NMR (400 MHz, ¿/e-acetone) 5 = 6.99 (dd, 1H), 7.12 (dd, 1H), 7.38 (dd, 1H), 7.56 (d, 

1H), 7.90 (s, 1H), 7.94 (dd, 1H), 8.14 (m, 2H), 8.20 (d, 1H). Total = 9 aromatic protons.
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Elemental Analysis for C32H19N7D16R11O5P2F12: Calculated C 38.25, H 2.99, N 9.76. 

Found C 37.96, H 2.49, N 9.99 %.

Synthesis of [Ru(bpy)2(LL2)](PF6)2.2H20

The LL2 ligand (100 mg, 4.8x1 O'4 mol) and [Ru(bpy)2Cl2].2H20  (225 mg, 4.3x10"* mol) 

were placed in 10 cm3 of a 1:1 EtOH/FfcO mixture. This suspension was heated at reflux 

for 3 hours and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. 10 cm3 of a saturated aqueous solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, O.O5MKNO3 buffer). The second 

band to elute yielded the desired product. The acetonitrile was removed in vacuo and an 

aqueous solution of NH4PF6 added to reprecipitate the pure product which was filtered 

and washed with cold water and diethyl ether and allowed to dry. Yield 325mg (74% 

yield).

JH NMR (400 MHz, ¿/¿-acetone) 5 = 1.88 (s, 3H), 7.25 (m, 2H), 7.35 (dd, 1H), 7.56 (m, 

4H), 7.83 (d, 1H), 7.86 (d, 1H), 8.0 (d, 1H), 8.08 (d, 1H), 8.19 (m, 7H), 8.69 (d, 1H), 

8.82 (m, 4H), 9.19 (d, 1H). Total = 24 aromatic protons + 3 aliphatic protons.

Elemental Analysis for C33H 35N 7R U O 2P2F12: Calc: C 41.78, H 3.29, N 10.34. Found: C 

41.24, H 2.90, N 10.49%.

Synthesis of [Ru(bpy)2(LL3)](PF6)2
The LL3 ligand (100 mg, 5.0x10"4 mol) and Ru(bpy)2Cl2.2H20  (236 mg, 4.5x10"1 mol) 

were placed in 10 cm3 of a 1:1 Et0H/H20  mixture. This suspension was heated at reflux 

for 3 hours and after this time the EtOH removed in vacuo. The solution was filtered at
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this stage to remove any excess unreacted ligand. An aqueous solution of ammonium 

hexafluorophosphate was added to the filtrate to precipitate an orange/brown product 

This product was isolated by filtration, washed with water and dried with diethylether. 

No further purification of the product was necessary. The yield from the reaction was 

391 mg. (87%)

*H NMR (400 MHz, ¿/¿-acetone) 5 = 7.48 (dd, 2H), 7.58 (m, 4H), 7.79 (dd, 1H), 7.90 (d, 

1H), 8.05 (d, 1H), 8.17 (m, 9H), 8.77 (m, 2H), 8.87 (m, 3H), 9.32 (d, 1H). Total = 24 

aromatic protons.

Elemental Analysis for C31H25N8R.UP2F12: Calc: C 41.32, H 2.69, N 12.45. Found: C 

41.34, H 2.83, N 11.82%.

Synthesis of [Ru(bpy)2(LL4)](PF6)2.2H20
The LL4 ligand (100 mg, 3.5x1 O^mol) and [Ru(bpy)2Cl2].2H20  (165 mg, 3.lxlO'4 mol) 

were placed in 10 cm3 of a 1:1 Et0H/H20  mixture. This suspension was heated at reflux 

for 3 hours and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. Ammonium hexafluorophosphate was added to the 

filtrate to precipitate an orange/brown product. This product was isolated by filtration, 

washed with water and dried with diethylether. The compound was purified by column 

chromatography (stationary phase silica gel, mobile phase 80% acetonitrile, 20% water, 

0.05M KNO3 buffer). The second band to elute yielded the desired product. The 

acetonitrile was removed in vacuo and an aqueous solution of NH4PF6 added to 

reprecipitate the product which was filtered, washed with water and diethyl ether and 

allowed to dry yielding 202 mg (66% yield).

‘H NMR (400 MHz, ¿¿-acetone) 8 = 6.36 (d, 1H), 6.58 (dd, 1H), 6.66 (dd, 1H), 6.80 (m, 

2H), 7.06 (m, 6H), 7.23 (m, 2H), 7.60 (m, 17H), 7.91 (m, 2H), 8.12 (m, 10H), 8.35 (m, 

2H), 8.50 (m, 6H), 8.75 (m, 6H), 9.64 (s, 1H), 10.90 (s, 1H). Total = 56 aromatic protons 

+ 2 OH protons.

64



Chapter 3: Synthesis and characterisation o f  a series of[Ru(bpy)2(LLx) f ^  complexes.

Elemental Analysis for C38H33N7R11O3P2F12: Calc: C 45.16, H 3.29, N 9.70. Found: C 

44.74, H 2.83, N 9.55 %.

Synthesis of [Ru(ds-bpy)2(LL4)](PF6)2.2H20
The LL4 ligand (100 mg, 3.5x10^mol) and [Ru(bpy)2Cl2].2H20  (165 mg, 3.1x1c4 mol) 

were placed in 10 cm3 of a 1:1 Et0H/H20  mixture. This suspension was heated at reflux 

for 3 hours and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. Ammonium hexafluorophosphate was added to the 

filtrate to precipitate an orange/brown product. This product was isolated by filtration, 

washed with water and dried with diethylether. The compound was purified by column 

chromatography (stationary phase silica gel, mobile phase 80% acetonitrile, 20% water, 

0.05M K N O 3  buffer). The second band to elute yielded the desired product. The 

acetonitrile was removed in vacuo and an aqueous solution of NH4PF6 added to 

reprecipitate the product which was filtered, washed with water and diethyl ether and 

allowed to dry. yield 185 mg (53% yield).

*H NMR (400 MHz, ¿/¿-acetone) 5 = 6.40 (d, 1H), 6.55 (dd, 1H), 6.70 (m, 2H), 6.79 (d, 

1H), 7.15 (m, 6H), 7.48 (m, 3H), 7.65 (d, 1H), 7.72 (m, 3H), 8.06 (m, 2H), 8.52 (m, 4H), 

8.86 (s, 1H), 9.87 (s, 1H). Total = 24 aromatic protons + 2 OH protons.

Elemental Analysis for C3sHi7N7Di602P2Fi2. Calculated: C 44.62, H 3.03, N 9.59. 

Found: C 44.01, H 2.97, N 9.17 %.

Synthesis of [Ru(bpy)2(LL5)](PF6)2.4H20
The LL5 ligand (100 mg, 2.95xl0'4mol) and [Ru(bpy)2Cl2].2H20  (140 mg, 2.65xl04 

mol) were placed in 10 cm3 of a 1:1 Et0H/H20  mixture. This suspension was heated at 

reflux for 3 hours and after this time the EtOH removed in vacuo. The solution was 

filtered to remove any excess unreacted ligand. Ammonium hexafluorophosphate was 

added to the filtrate to precipitate an orange/brown product. This product was isolated by
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filtration, washed with water and dried with diethylether. The compound was purified by 

column chromatography (stationary phase silica gel, m obile phase 80% acetonitrile, 

20% water, 0.05M  K N O 3  buffer). The second band to elute yielded the desired product. 

The acetonitrile was removed in vacuo and an aqueous solution o f  NH+PF6 added to 

reprecipitate the pure product which was filtered, washed with water and diethyl ether 

and allowed to dry. yield 190m g (65% yield).

*H NM R (400 MHz, ¿/¿-acetone) 5 = 6.62 (m, 2H), 7.16 (m, 4H), 7.25 (m, 4H), 7.33 (m, 

2H), 7.56 (m, 6H), 7.69 (m, 2H), 7.68 (m, 2H), 7.77 (m, 4H), 7.88 (m, 6H), 8.13 (m, 

10H), 8.44 (m, 2H), 8.59 (m, 4H), 8.76 (m, 8H). Total =  54 aromatic protons.

Elemental Analysis for C38H35N 7RUO4P2F 12CI2: Calc: C 41.19, H 2.80, N  8.85. Found. C 

40.84, H  2.45, N  9.12% .

Synthesis of [Ru(bpy)2(LL6)](PF6)2-2H20
The LL6 ligand (100 mg, 3xl0"4 m ol) and Ru(bpy)2Cl2.2H20  (157 mg, 3.1X10"4 mol) 

were placed in 50 cm3 o f  a 1 :1 EtOFLTkO mixture (high volum e used to aid dissolution 

o f the ligand). This suspension was heated at reflux for 6 hours and after this time the 

EtOH removed in vacuo. The solution was filtered to remove any excess unreacted 

ligand. Ammonium hexafluorophosphate was added to the filtrate to precipitate an 

orange/brown product. This product was isolated by filtration, washed with water and 

dried with diethylether. The compound was purified by column chromatography 

(stationary phase silica gel, m obile phase 80% acetonitrile, 20% water, 0.05M  KNO3 

buffer). The second band to elute yielded the desired product. The acetonitrile was 

removed in vacuo and an aqueous solution o f  NH4PF6 added to reprecipitate the which 

was filtered, washed with water and diethyl ether and allowed to dry to yield 238 mg 

(72% yield).

*H NMR (400 MHz, ¿/¿-acetone) 8 =  3.28 (s, 3H), 3.64 (s, 3H), 3.68 (s, 3H), 3.78 (s, 

3H), 6.05 (m, 1H), 6.731 (m, 1H), 6.86 (m, 3H), 7.05 (m, 3H), 7.12 (dd, 1H), 7.23 (m,
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2H), 7.72 (m, 18H), 8.20 (m, 12H), 8.68 (m, 13H). Total = 54 aromatic protons, 12 

aliphatic protons.

Elemental Analysis for C40H37N7RUO4P2F12: Calc: C 44.86, H 3.27, N 9.16. Found: C 

45.10, H 2.87, N 9.44%.

Synthesis of [Ru(bpy)2(LL8)](PF6)2.4H20
The LL8 ligand (100 mg, 3.8x10‘4mol) and Ru(bpy)2Cl2.2H20 (198 mg, 3.8x10“* mol) 

were placed in 20 cm3 of a 1:1 Et0H/H20  mixture. This suspension was heated at reflux 

for 6 hours and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. 10 cm3 of a saturated aqueous solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, O.O5MKNO3 buffer). The second 

band to elute yielded the desired product. The acetonitrile was removed in vacuo and an 

aqueous solution of NH4PF6 added to reprecipitate the pure product which was filtered, 

washed with cold water and diethyl ether and allowed to dry to yield 268 mg.(73 %)

*H NMR (400 MHz, ¿/¿-acetone) 8 = 7.09 (m, 4H), 7.51 (m, 4H), 7.70 (d, 2H), 8.15 (m, 

8H), 8.69 (d, 2H), 8.80 (d, 4H).

Elemental Analysis for: Calculated. Found C36H38N8O4RUP2F12: Calculated: C 41.98, H 

3.30, N 10.88. Found C 41.44, H 2.86, N 10.77 %.

67



Chapter 3: Synthesis and characterisation o f  aseries o f  [Ru(bpy)2(LL.x) f + complexes.

3.2.1 Discussion of the synthesis of the ruthenium(II) complexes:

The preparation o f  the starting materials for the synthesis o f  the ruthenium bipyridyl 

com plexes was carried out with slight differences to literature methods. 46 This reaction 

can be problematic, sometimes leading to the formation o f  carbonyl containing 

compounds, which must be removed before the compound is used. Reaction o f the 

[Ru(bpy)2Cl2].2H20 with the ligands in refluxing ethanol/water (1:1 v/v) led to the 

replacement o f  the two chlorides by the bidentate ligands. As the reaction proceeds, the 

deep violet colour o f  the [Ru(bpy)2Cl2] solution is gradually replaced by an orange/red 

colour, which indicates the presence o f  the N 6 [Ru(bpy)2(LL)]2+ complexes. The ethanol 

was removed at this stage and the chloride counter ion replaced by a PFe" counter ion 

which led to the precipitation o f  the com plex from an aqueous solution. The PFe" salts o f  

this type o f  com plex tend to be only sparingly water soluble, and soluble in many 

organic solvents, which greatly eases the isolation, purification and analysis o f  these 

compounds.

The purity o f  the compounds was checked at this stage using TLC and HPLC. Further 

purification was necessary in most cases and this was generally performed by column 

chromatography on silica gel, using an 4:1 (v/v) MeCN:H20 mobile phase which 

contained 0.05M  K N O 3  as a buffer. The desired band was generally the second band to 

elute. After the purity was determined again by HPLC, the compounds were analysed by 

*H NM R spectroscopy, CHN elemental analysis and in som e cases by X-Ray Crystal 

structure analysis. These results fo llow  in the next sections.
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3.3 HPLC Analysis of the purified complexes:

The purification of the complexes has been detailed in the experimental section (Section 

3.2). High Performance Liquid Chromatography (HPLC) has been an important tool in 

the determination of the purity of the desired complexes. The instrument provides the 

opportunity to analyse the product at various stages of the synthetic process, for example 

during the reaction, after isolation but before purification and finally after purification. 

Not only does the HPLC analysis provide details of the percentage purity of the desired 

complex, but often provides information about the nature of the impurities. Analysis of a 

reaction mixture before completion of the reaction generally results in three main peaks. 

The first corresponds to the free ligand, the second band due to [Ru(bpy)2(solvent)n] 

with the desired complex often the last to elute. The nature of the impurities can be 

determined by examination of their UV/Vis spectra. Generally speaking, the ligand 

absorbs predominantly in the UV region, with the [Ru(bpy)2(solvent)2]2" species having 

a A.max at circa 470 nm (compared to 450 nm for the desired complex).

As discussed in the previous section, it proved necessary in most cases to purify the 

reaction mixture by column chromatography. The desired band was generally the second 

orange band to elute, and as expected the first band proved to be the solvated Ru(bpyh 

complex. This has been proven by HPLC. In conjunction with *H NMR, HPLC has 

proven very important and efficient at verifying the desired complexes are free of 

impurities. The results of the analysis of the complexes is presented in Figure 3.7.
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Figure 3.7 Examples o f  the HPLC traces o f  the purified ruthenium(ll)
complexes.

Compound Retention Time (min)

[Ru(bpyM LLl)r 2.82

[Ru(bpy)2(LL2)]2+ 2.75

[Ru(bpy)2(LL3)]2+ 3.13

[Ru(bpy)2(LL4)]2+ 2.40

[Ru(bpy)2(LL5)]2+ 2.39

[Ru(bpy)2(LL6)]2+ 2.45

[Ru(bpy)2(LL8)]2+ 2.25

Table 3.9 HPLC data obtained fo r  the ruthenium(IL) complexes.
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As can be seen from Figure 3.7 the com plexes were successfully purified by column 

chromatography and appear pure by HPLC. The analysis o f  the com plexes by HPLC 

indicates a purity o f >97%  in all cases. The retention times (Table 3.9) are typical o f  

ruthenium(II) com plexes and are comparable to that o f  [Ru(bpy)3]2+ when examined 

under similar conditions.

The lack o f  variation in the retention times indicate that the LLx ligand interacts little 

with the column, and is less important than the charge o f  the com plex in determining the 

behaviour o f  the com plex on the chromatography column. This is an expected result as 

the column is a cation exchange column, and is less sensitive to changes in the “organic” 

structures o f  compounds than to differences in charge.

HPLC has provided an excellent starting point in the structural characterisation o f  these 

complexes. This characterisation is completed by X-Ray Crystal Structure analysis 

(Chapter 3.4) and XH NM R  (Chapter 3.6).

3.4 X-Ray Crystal Structure Analysis:

X-Ray Crystallography can be used to investigate and elucidate the structure o f  metal 

com plexes. This technique has been used since the 1970s on ruthenium complexes, with 

the X-Ray Crystallographic determination o f  [Ru(bpy)3](PF6)2 being reported in 1979. 47 

The investigation revealed the [Ru(bpy)3]2+ cation has crystallographic symmetry, D?- 

32, and has an octahedral coordination with a propeller-like arrangement o f  the ligands 

around the central metal ion. The Ru-N bond lengths o f  2.056 A is shorter than those 

found for the com plexes [Ru(NH3)e]3+ 48 and [(bpy)2(N02)Ru(ni)-0 -Ru(m)(N02)(bpy)2]"+

49 which were found to have average Ru-N bond lengths o f  2.104 A and 2.080 A
2+respectively. The shorter bond length found for the [Ru(bpy)3] com plex is contrary to 

the expected increase due to the larger ionic radius o f  Ru(n) vs Ru(ni). The bond length 

decrease can be explained by the considerable Tt-bonding between the delocalised u* 

orbitals on the bpy ligands and the t2g orbitals o f  the Ru(n) ion. In the Ru(m) complexes
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the 7t-bonding is reduced or absent because the energy o f  the d-orbitals o f  Ru(I1I) is 

lowered.

X-Ray Crystallography has been used to unequivocally determine the structure o f  three 

o f  the ruthenium com plexes o f  the LLx ligands. The results are presented in this section. 

Crystals suitable for X-Ray Crystal structure analysis were grown for the 

[Ru(bpy)2(LLl)](PF6)2, [Ru(bpy>2(LL2 )](PF6)2 and [Ru(bpy)2(LL3)](PF6)2 complexes. 

The com plexes were recrystallised slow ly from acetone:water (3:1 v/v). Suitable crystals 

o f  the [Ru(bpy)2(LL8)](PF6)2 com plex have also been grown. The results o f  the analysis 

have not been completed to date and are not included here.

The results o f  the X-Ray Crystal Structure determination can be seen in Figures 3.8. 3.9 

and3.10. Selected data from this analysis is presented in Tables 3.10, 3.11 and3.12. The 

com plete set o f  results from the analysis o f  the three com plexes are collated in Appendix 

A. The labelling used in Figures 3.8, 3.9 and 3.10 is used to identify the atoms during 

the discussion on the results o f  the analysis.
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Figure 3.8 Results o f  the crystal structure analysis o f  the complex 

[Ru(bpy)2 (LLl)](PF 6 ) 2  showing the relevant atomic numbering used. The PFe ions and  

hydrogen atoms have been omitted fo r  clarity.

The [Ru(bpy)2(LLl)](PF6)2 complex exhibits octahedral symmetry around the central 

metal ion. The LL1 ligand is bound to the metal centre via the N5 and N6 nitrogens. The 

length of the Ru-N5 and Ru-N6 bonds are 2.09 and 2.064 A respectively.

73



Chapter S: Synthesis and characterisation o f  a series o f[Ru(bpy)2(LL^)]2+ complexes.

Figure 3.9 Results o f  the crystal structure analysis o f  the complex 

[Ru(bpy)2(LL2)](PF6)2 showing the relevant atomic numbering used. The PF(, ions and 

hydrogen atoms have been omitted fo r  clarity.

The [Ru(bpy)2(LL2)](PF6)2 complex also exhibits octahedral symmetry around the 

central metal ion. The LL2 ligand is bound to the metal centre via the N1 and N3 

nitrogens. The length of the Ru-Nl and Ru-N3 bonds are 2.074 and 2.086 A 

respectively. The difference between the [Ru(bpy)2(LLl)](PF6)2 and 

[Ru(bpy)2(LL2)](PF6)2 complexes can clearly be seen with the methyl group on Cl 

evident in the structure of the [Ru(bpy)2(LL2)](PF6)2 complex.
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Figure 3.10 Results o f  the crystal structure analysis o f  the complex 

[Ru(bpy)2(LL3)!(PF 6) 2-H20  showing the relevant atomic numbering used. Ihe  PFi ions, 

water molecule and hydrogen atoms have been omittedfor clarity.

The [Ru(bpy)2(LL3)](PF6)2 complex also exhibits octahedral symmetry around the 

central metal ion. The LL3 ligand is bound to the metal centre via the N5 and N6 

nitrogens. The length of the Ru-N5 and Ru-N6 bonds are 2.082 and 2.030 A 

respectively. The extra nitrogen in the five membered ring of the [Ru(bpy)2(LL3)](PF6)2 

complex differentiates between this complex and the [Ru(bpy)2(LLl)](PF6)2 complex. 

Unlike the previous two structures, the [Ru(bpy)2(LL3)](PF6)2 complex contains a water 

of crystallisation. Selected data from the structures presented in Figures 3.8,3.9 and 3.10 

is detailed in Tables 3.10, 3.11 and 3.12.
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Compound [Ru(bpy)2(LLl)](PF6)2 [Ru(bpy)2(LL2)](PF6)2 [Ru(bpy)2(LL3)](PF6)2

Formula C32H2sF 12N7P 2Ru C33H27F i2N7P2Ru C34H30F i2NgOP 2Ru

Mr 898.6 912.63 957.67

Space

Group
P2(i)/n P2(i)/n P2(i/c

Crystal

Class
Monoclinic Monoclinic Monoclinic

Unit Cell Dimensions

a/A 10.8719(11) 13.0742 (9) 17.716(12)

b/A 19.670 (2) 12.6822 (9) 13.8631 (9)

c/A 15.7347 (16) 21.5808 (15) 16.397(11)

P° 94.846 (2) 101.59 (10) 112.345 (10)

Volume/ A3 3353 3505.3 3724

Calculated

Density, 1.780 1.729 1.708

Dcalc

Data Collection Range

H -14 to 14 -16 to 17 -23 to 23

K -25 to 26 -16 to 16 -18 to 18

L -20 to 20 -27 to 28 -21 to 21

Reflections

Collected
35986 36830 39757

Table 3.10 Summary o f  Crystal Data and Collection o f  Intensities o f  the compounds 

[Ru(bpy)2(LLl)](PF6) 2, [Ru(bpy)2(LL2)J(PF6) 2 and [Ru(bpy)2(LL3)](PF6) 2.
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[Ru(bpy)2(LLl)]2+ 

Bond - (A)

[Ru(bpy)2(LL2)f+ 

Bond - (A)

[Ru(bpy)->(LL3)f 

Bond - (A)

Ru-N(l) (2,2’-bpy) - Ru-N(l) (imidazo-LL2) Ru-N(l) (2,2’-bpy)

2.054 - 2.074 -2.058

Ru-N(2) (2,2’-bpy) - Ru-N(3) (py-LL2) Ru-N(2) (2,2’-bpy)

2.061 -2.086 - 2.067

Ru-N(3) (2,2’-bpy) - Ru-N(4) (2,2’-bpy) Ru-N(3) (2,2’-bpy)

2.061 -2.064 - 2.058

Ru-N(4) (2,2’-bpy) - Ru-N(5) (2,2’-bpy) Ru-N(4) (2,2’-bpy)

2.057 -2.059 - 2.065

Ru-N(5) (py-LLl) - Ru-N(6) (2,2’-bpy) Ru-N(5) (py-LL3)

2.090 -2.057 - 2.082

Ru-N(6) (imidazo-LLl) Ru-N(7) (2,2’-bpy) Ru-N(6) (triazo-LL3)

- 2.064 -2.050 -2.030

Table 3.11 Selected Bond distances o f  [Ru(bpy)2(LLl)]2+, [Ru(bpy)2(LL2)J2+ and

[Ru (bpy)2(LL3)J2+

The length of the ruthenium-nitrogen bonds provide a good basis for comparison with 

previously reported structures. In the case of all three structures, the length of the Ru-N 

2,2’-bipyridyl bonds are between 2.050 —» 2.067 A. The bond lengths of the Ru-N (LLX) 

bonds vary between 2.03 —» 2.09 A. These distances are similar to those found for other 

ruthenium(II) complexes. 50’51,52,53 Generally speaking, the o-donor and ^-acceptor 

character of the ligands is reflected in the Ru-N bond length. A shortening of this bond 

length may indicate enhanced a-donating ability of the ligand relative to 2,2’-bipyridyl. 

53 Due to the similarity of the Ru-N bond lengths to both the 2,2’-bipyridyl ligands and 

the LLx ligands, this information cannot be gleaned from these structures.
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Bond Angles (degrees)

[Ru(bpy)2(L L l)]2+ [ Ru( bpy)2(LL2)]2+ [Ru(bpy)2(LL3)]2+

N(l)-Ru-N(4) 92.62 N(l)-Ru-N (3) 78.43 N(6)-Ru-N(3) 173.87

N(l)-Ru-N(3) 95.27 N(4)-Ru-N(3) 87.35 N (6)-Ru-N(l) 95.70

N(4)-Ru-N(3) 78.63 N(5)-Ru-N(3) 94.15 N(3)-R u-N(l) 88.53

N(l)-Ru-N(2) 78.64 N(6)-Ru-N(3) 175.62 N(6)-Ru-N(4) 96.36

N(4)-Ru-N(2) 95.38 N(7)-Ru-N(3) 96.44 N(3)-Ru-N(4) 78.62

N(3)-Ru-N(2) 171.35 N(4)-R u-N(l) 95.28 N (l)-Ru-N (4) 97.81

N (l)-R u-N (6) 93.09 N(5)-R u-N (l) 170.85 N(6)-Ru-N(2) 87.68

N(4)-Ru-N(6) 173.48 N (6)-R u-N (l) 100.92 N(3)-Ru-N(2) 97.52

N(3)-Ru-N(6) 97.70 N(7)-R u-N (l) 89.37 N(l)-Ru-N (2) 78.67

N(2)-Ru-N(6) 88.83 N(5)-Ru-N(4) 78.90 N(4)-Ru-N(2) 174.92

N(l)-Ru-N(5) 170.76 N(6)-Ru-N(4) 97.03 N(6)-Ru-N(5) 77.48

N(4)-Ru-N(5) 96.09 N(7)-Ru-N(4) 174.52 N(3)-Ru-N(5) 98.89

N(3)-Ru-N(5) 89.48 N(6)-Ru-N(5) 86.89 N(l)-Ru-N(5) 169.86

N(2)-Ru-N(5) 97.42 N(7)-Ru-N(5) 96.83 N(4)-Ru-N(5) 90.46

N(6)-Ru-N(5) 78.39 N(7)-Ru-N(6) 79.20 N(2)-Ru-N(5) 93.43

Table 3.12 Selected Bond Angles of[Ru(bpy)2(L L l)]2+, [Ru(bpy)2(LLl)]2+ and

[Ru(bpy)2(LL3)]2+

The bite angles o f  the LL1, LL2 and LL3 ligands in the complexes are 78.39°, 78.43° 

and 77.48° The bite angles o f  the coordinated 2 ,2 ’-bipyridyl ligands lie between 78.62° 

and 79.2°. These values are in agreement with those found for the 2 ,2 ’-bipyridyl ligands 

in other ruthenium(n) com plexes. 47,50,52,53

Closer examination o f  the angles in the com plexes exhibit deviations from the trans 

angular value (180°). The N l-R u-N 5, N2-Ru-N3 and N4-Ru-N6 angles o f  the 

[Ru(bpy)2(L L l)]2+ com plexes are 170.76°, 171.35° and 173.48° respectively. This 

deviation originates from the acute bite angles o f  both the 2 ,2 ’-bipyridyl ligands (78.62°
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to 79.2°) and to a greater extent from the bite angle of the LL1 ligand (78.39°). The 

pattern is the same for both the [Ru(bpy)2(LL2)]2+ and [Ru(bpy)2(LL3)]2 complexes. 

The Nl-Ru-N5, N3-Ru-N6 and N4-Ru-N7 angles are 170.85°, 175.62° and 174.52° 

respectively for the [Ru(bpy)2(LL2)]2+ complex while the Nl-Ru-N5, N2-Ru-N4 and 

N3-Ru-N6 angles are 169.86°, 174.92°, and 173.87° respectively for the

[Ru(bpy)2(LL3)]2+ complex. These values are typical for ruthenium complexes 

containing 2,2’-bipyridyl and imidazo type ligands. 54

A full list of all the crystallography data can be found in Appendix A.

3.5 NMR spectroscopy of the ligands:

'FI NMR spectroscopy has proven to be an invaluable tool in the analysis of the purity 

and in the elucidation and characterisation of the structure of the ruthenium(H) 

bisbipyridyl complexes. The NMR spectra of the complexes become complicated 

owing to the large number of aromatic protons present on the ligands. In order to assign 

t he ' l l  NMR of the complexes it was necessary to investigate the NMR of the free 

ligands. In Figure 3.11 the labelling of the LLl, LL2, LL3 and LL8 ligands is given. The 

]H NMR spectra of these ligands have been assigned first as the spectra are simpler than 

those of the other LL* ligands which are complicated by the additional substituted 

phenyl ring. The *H NMR spectra of the LL4 and LL5 ligands are introduced later in this 

section. The !H NMR of the LL7 ligand is discussed in Chapter 5.4 while analysis of the 

LL6 ligand by 'H NMR has not proved possible as it is insoluble in a suitable solvent. 

Figures 3.12 and 3.13 illustrate the ]H NMR spectra of the LLl, LL2, LL3 and LL8 

ligands.
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Figure 3.11 Labelling o f  the ligand protons fo r  assignment.
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Figure 3.12 lH  NMR spectra o fL L l and LL2 ligands in de-acetone.
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Figure 3.13 1H  NMR spectra ofLL3 and LL8  in d¿-acetone.
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2D COSY NMR has proven very important in aiding the elucidation of the 'H NMR 

spectra of these ligands. An illustrative 2D COSY NMR spectrum of the LL1 ligand is 

given in Figure 3.14 below. The assignments of the individual protons of theLLl, LL2, 

LL3 and LL4 ligands are given in Table 3.13.

Figure 3.14 2D COSY NMR spectrum o fL L l ligand in d  ¿-acetone.
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Ligand LL1 LL2 LL3 LL8

(ppm) (ppm) (ppm) (ppm)

Ha 8.37 (s) - - -

Hb 8.38 (m) 7.47 (d) 8.50 (d) 7.51 (m)

He 6.77 (dd) 6.72 (dd) 8.04 (dd) 6.70 (m)

Hd 6.99 (dd) 6.63 (dd) 7.50 (m) 6.70 (m)

He 8.59 (m) 9.78 (d) 9.84 (d) 9.68 (d)

Hf 8.18(d) 8.17(d) 7.85 (d) -

H„D 7.78 (dd) 7.72 (dd) 7.50 (m) -

Hh 7.14 (dd) 7.14 (dd) 7.14 (dd) -

H; 8.62 (m) 8.49 (d) 8.78 (d) -

Other

protons
- 2.38 (s) - 2.46 (s)

Table 3.13 JH N M R data fo r  the ligands LL1, LL2 and LL3 in do-acetone.

Several important points should be noted from the results in Table 3.13. As expected, 

substitution of the Ha proton in LL1 for the methyl group in LL2 has very little effect on 

the chemical shifts of the protons in the free pyridine ring (Hf -^Hi). Closer examination 

of this reveals that the chemical shifts of the Hf protons are found between 7.85 and 8.18 

ppm. The Hg protons lie between 7.50 and 7.78 ppm. The Hh protons are all found at 

7.14 ppm which indicates the similarity of the chemical environment of this proton even 

between the different ligands, while the H  protons can be found from 8.49 to 8.78 ppm,

The closeness of the chemical shifts of these protons indicate that substitution, or 

alteration of the fused 5 and 6 membered ring has little effect on the “free” pyridine ring 

in these ligands. This has proven useful in the assignment of the LL4 and LL5 ligands.

The He proton is found furthest downfield. This can be attributed to the orientation 

adopted by the ligands in solution. . As can be seen from Figure 3 .11, the He proton is
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positioned in such a way as to facilitate interaction with the nitrogen on the pyridine 

ring. This leads to a hydrogen bonding interaction between the He protons and the free 

nitrogen, causing the proton to be shifted downfield relative to the other protons. The 

replacement of the Ha proton in LL1 by a methyl group in LL2 leads to an upfield shift 

of the Hb, He and Hd protons of the LL2 ligand relative to the LL1 ligand. This is due to 

the shielding nature of the methyl group in comparison to H. The introduction of a third 

hydrogen into the 5-membered ring increases the electron density over both the five 

membered and fused pyridine ring, and a subsequent shift to higher ppm is observed for 

the Hb, Hc and Ha protons.

This sensitivity to electron density is evident in the comparison of the LL1 and LL3 

ligands. In moving from an imidazo type ligand to a triazo type 5 membered ring 

system, the extra nitrogen in the triazo ligand will have an electron withdrawing effect 

resulting in a downfield shift in the chemical shifts of the protons on the affected rings.

The H NMR of the LL8 ligand differs from that of the LL1, LL2 and LL3 ligands on 

account of its symmetrical nature. This symmetry is reflected in the JH NMR where 

three signals which integrate to 4 protons are observed. Allowing each of these signals to 

represent two equivalent protons accounts for the 8 protons which should be present in 

the spectrum. The chemical shifts of the Hb, Hc and Hd protons are similar to those of the 

analogous protons in the LL2 ligand. The substituted phenyl group adds complexity to 

the *H NMR spectra of LL4 and LL5.

Hd Hd

LL4 LL5
Figure 3.15 Labelling o f  the protons o f  the ligands LL4 and IJ,5.

84



Chapter 3: Synthesis and characterisation o f  a  series of[Ru(bpy)2(LLj)f+ complexes.

ppm

Figure 3.16 ]H N M R o f  the LL4 ligand in d 6-acetone. 
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Figure 3.17 !H  NMR o f  the LL5 ligand in de-acetone.
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As in the case of the simpler LL1, LL2, LL3 and LL8 ligands, 2D COSY NMR proved 

decisive in the assignment of the LL4 and LL5 protons. The protons of the phenyl rings 

proved readily identifiable by their splitting patterns, with the Hi proton in the LL5 

ligand appearing as a singlet. As expected, substituting a phenyl group for the Ha proton 

of the LL1 ligand had little effect on the chemical shifts of the free pyridine ring (Hf -»
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Hi). The chemical shifts of the H f->  H¡ protons are comparable to those observed for the 

LLl , LL2 and LL3 ligands. The OH proton in the LL4 ligand is observed at 11 ppm and 

is broader than the other signals.

Proton LL4

(ppm)

LL5

(ppm)

Proton LL4

(ppm)

LL5

(ppm)

Ha - - Hh 7.00 (m) 7.05 (dd)

Hb 7.00 (m) 7.77 (d) H 8.51 (d) 8.50 (d)

Hc 6.95 (dd) 6.75 (dd) Hj 8.68 (d) 7.65 (m)

Ha 6.80 (dd) 6.98 (dd) Hk 7.08 (dd) 7.75 (m)

He 8.45 (d) 8.61 (d) Hi 7.72 (dd) 7.52 (d)

Hf 7.78 (d) 8.08 (d) Hm 8.03 (d) -

Hg 7.25 (dd) 7.65 (m) Other 1Hs 11.00 (s) -

Table 3.14 ]H  NMR data fo r  the ligands LL4 and LL5 in d6-acetone.

The effect of coordination on the chemical shifts of the LLx ligand protons is examined 

in Chapter 3.6.

3 .6 \H NMR spectroscopy of the [Ru(bpy)2(LLx)](PF6)2 

complexes

The analysis of the NMR spectra of the complexes can be divided into two 

categories. The complexes containing LLx ligands with no substituted phenyl ring (i.e. 

LLl, LL2, LL3 and LL8), and those LLx ligands containing a substituted phenyl ring 

(i.e. LL4, LL5 and LL6). The differences between the spectra of these two categories of 

LLx ligand are substantial and are discussed in detail in this section.
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The *H NMR spectra of the mixed ligand complexes are more complicated and more 

difficult to assign than the free ligands. Several techniques have been used to aid the 

assignment of the spectra, including deuteriation of the 2,2’-bipyridyl ligands 

(introduced in Chapter 2.1) and 2D COSY NMR. In this way it has been possible to 

assign the protons of the LL1, LL2, LL3 and LL8 ligands while coordinated to the 

ruthenium(II) bisbipyridyl unit. This has not proved possible in the case of the ligands 

which contain the substituted phenyl ring (LL4, LL5 and LL6) due to an unforeseen 

isomerisation effect which complicates the !H NMR spectra. This will be discussed in 

more detail later in this section. The ’H NMR spectra of the complexes 

[Ru(bpy)2(LLl)](PFe)2and its deuteriated analogue can be seen in Figure 3.18. The 2D 

COSY NMR of the deuteriated complex is presented in Figure 3.19, while the 2H NMR 

spectra of [Ru(bpy)2(LL2)](PF6)2, [Ru(bpy)2(LL3)](PF6)2, and [Ru(bpy)2(LL8)](PF6)2 

can be seen in Figures 3.20 to 3.23.

L R u  f  </ - - b  p  y ) , CL L 1 ) J ( P F  , j

p p m

Figure 3.18 JH N M R o f  [Ru(ds-bjjy)2(LLl)J(PF6) 2 (red) and [Ru(bpy)2(1<L 1)!(PF6) ;

(black) in dg-acetone.
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Figure 3.19 2D COSY NMR o f  the deuterated complex, [Ru(ds-bpy)2(LLl)](PF6)2 in d6- 

acetone. Used to assign the peaks o f  the LL1 ligand in the ruthenium(II) complex.

Figures 3.18 and 3.19 illustrate the *13 N M R spectra and 2D COSY NM R spectra o f  the 

simplest o f  the com plexes, [Ru(bpy)2(L L l)]2+ and its deuteriated analogue [Ru(t/r 

bpy)2(L L l)]2+. Deuteriation has been applied to the elucidation o f  NM R spectra o f  

large polynuclear com plexes where the number o f  inequivalent protons result in spectra 

otherwise difficult to assign. 55,56 Deuteriation has the effect o f  removing protons from 

the NM R spectrum w hile not affecting the signals o f  the undeuterated ligands. This 

can simplify a spectrum greatly, and allow  complicated spectra to be assigned more 

easily. Figure 3.18 compares the H  NM R o f  [Ru(bpy)2(L L l)]2+ and its deuteriated 

analogue [Ru(t/«-bpy)2(LLl )]2t. It should be noted that the apparent impurities in the 

spectrum o f  the [Ru(</s-bpy)2(L L l)]2+ com plex are in fact residual signals from the 2 ,2 ’- 

bipyridyl protons which have not been fully deuterated. Deuteriation o f  the 2 ,2 ’- 

bipyridyl protons has also been used to aid the assignment o f  the spectra o f  the
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[Ru(bpy)2(LL2)]2+, [Ru(bpy)2(LL3)]2+ and [Ru(bpy)2(LL8)]2+ complexes. The XH NMR 

of the undeuteriated complexes are presented in Figures 3.20, 3.21 and 3.22.

Figure 3.20 JH N M R o f  [Ru(bpy)2(LL2)](PF6) 2 in d6-acetone.

[ R u ( b p y ) i ( L L 3 ) ] ( P F l ) i

—i--------------------------------------------------------------------1--1------- >------- 1------- 1------- 1------- '------- r
9 . 5  9 . 0  8 . 5  8 . 0  7 . 5

p p m

Figure 3.21 JH  NMR o f  [Ru(bpy)2(LL3)](PF6) 2  in d6-acetone.
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9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8
ppm

Figure 3.22 }H NMR o f [Ru(bpy)j(LL8) j(PF 6) 2

Table 3.15 contains the assignment of the LL1, LL2, LL3 and LL8 ligands while 

complexed to the mthenium(II) bisbipyridyl unit. The labelling of the protons has been 

illustrated in Figure 3.11.
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Proton Chemical Shift in ¿/¿-acetone

[Ru(bpyMLLl)f+ [Ru(bpyMLL2)]2+ [Ru(bpy)2(LL3)]2f [Ru(bpy)2(LL8)]2f

(ppm) (ppm) (ppm) (ppm)

Ha 8.49 (8.37) No Ha No Ha No Ha

Hb 8.40 (8.38) 7.91 (7.47) 8.05 (8.50) 7.70 (7.51)

He 7.09 (6.77) 7.36 (6.72) 7.53 (8.04) 7.10(6.70)

Hd 7.48 (6.99) 8.18 (6.63) 8.14(7.50) 7.10(6.70)

He 8.40 (8.59) 8.18 (9.78) 8.13 (9.85) 8.70 (9.68)

Hf 8.49 (8.18) 8.82 (8.17) 8.81 (7.85) No Hf

Hg 8.06 (7.78) 8.18(7.72) 8.19(7.50) No Hg

Hh 7.27 (7.14) 7.50(7.14) 7.64 (7.14) No Hh

Hi 7.83 (8.62) 8.08 (8.49) 8.17(8.78) No Hi

Table 3.15 NMR data fo r  the complexes [Ru(bpy)2(LLl)](PF6) 2,

[Ru(bpy)2(LL2)](PF6) 2, [Ru(bpy)2(LL3)](PF6) 2and [Ru(bpy)2(LL8)](PF6)2 in de

acetone. The values in parentheses are the chemical shifts o f  the free ligands.

Figure 3.24 provides a graphic illustration of the effect coordination has on the chemical 

shifts of the LL1 protons. It can be seen from Table 3.15 that most of the protons are 

shifted slightly in comparison to the free ligand. This is due to the altered electron 

density the ligand experiences on coordinating to a metal centre. Coordination has an 

electron withdrawing or deshielding effect, and lowers the electron density of the ligand. 

This leads to most of the ligand protons being shifted slightly downfield. There are two 

exceptions to this however and they are in the cases of the He and Hi protons. There are 

two different reasons for the upfield shift experienced by both these protons. In the case 

of the H; proton, the upfield shift is due to the orientation of the proton, which in the 

complex is directed towards one of the pyridine rings of the adjacent aromatic 2,2’- 

bipyridine rings. The ring current of the 2,2’-bypyridine induces a diamagnetic 

anisotropic interaction effect which results in a large upfield shift (approx. 1 ppm in the 

case of the H  proton). 30 Figure 3.23 illustrates this with respect to the
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Chapter 3: Synthesis and characterisation o f  a series of[R u (bpy)2(L L J f  + complexes.

Hi proton sits in ring 
current of adjacent 
2,2'-bipyridyl ring.

Figure 3.23 Diagram illustrating the orientation o f  the Hi protons in relation to 
the adjacent 2,2 '-bipyridyl rings in the complex fRu(bpy)2 (LLl)J2+

The He proton is also upfield shifted. This is because in order to achieve bidentate 

coordination with the ruthenium centre, the ligand must adopt a less favoured 

configuration. The “free” pyridine ring in the ligand rotates so that its nitrogen is in a 

favourable position for coordination. The hydrogen bonding interaction between the He 

and the nitrogen is lost on coordination, leading to the upfield shift observed for the He 

proton. This is more pronounced in the com plexes o f  the LL2, LL3 and LL8 ligands, 

where before complexation the chemical shift o f  the He protons were 9.78, 9.84 and 9.68 

ppm respectively. On complexation, the chemical shifts o f  the protons are 8.18,8.13 and 

8.70 ppm respectively.
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Figure 3.24 graphically illustrates the effect of coordination on each proton of the LL1 

ligand. As explained already, coordination induces a downfield shift for most of the 

protons, with the exception of the He and Hi protons which are shifted upfield. This 

upfield shift is strongest for the H, proton in this instance, resulting in the chemical shift 

of the Hi proton being shifted from 8.60 ppm in the free ligand to 7.83 ppm in the 

complex. The effect is less for the He proton which is shifted from 8.60 ppm in the free 

ligand to 8.49 ppm in the complex. The comparison of the two spectra also highlights 

the effect deuteriation of the 2,2,-bipyridyl ligands has on the *H NMR spectra of the 

mixed ligand complexes, and the simplification it provides to the elucidation of those 

spectra.

[Ru(</a- bp y) 2( L L l ) ] ( P F 6)2 
L L 1 lig and

H H

9 0 8 5 8.0 7 5 7 . 0 6 . 5

p p m

Figure 3.24 ]H  NMR of[Rufds-bpyj^LLl)](PFf) 2  and the free  ligand LL1 in de-acetone.
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Before the NM R spectra o f  the ruthenium(II) com plexes o f  the LL4, LL5 and LL6 

ligands are discussed, the presence o f  enantiomers in coordination chemistry is briefly 

examined. It has been known for many years o f  the existence o f  the A and A 

enantiomers that occur on coordination o f  a third bidentate ligand to octahedral M(LL)2 

species. 57 Previous studies have shown that these enantiomers exhibit no observable 

differences in their electrochemical or electronic properties. The synthetic process used 

to synthesise the [Ruibpy^CLLx)]24̂ com plexes produces both the A and A  isomers o f  the 

each complex. The 'H NMR spectra o f  the com plexes containing the LL1, LL2 and LL3 

com plexes have been assigned. The presence o f  the A and A isomers o f  each complex is 

not evident from the JH NM R spectra o f  these complexes. For example, 25 individual 

protons are expected in the 'H NM R spectrum o f  the [Ru(bpy)2(L L l)]2+ com plex and 25 

individual signals can be elucidated.

This compares to the XH  NM R spectra o f  the ruthenium(U) com plexes o f  the LL4, LL5 

and LL6 ligands. Examination o f  the integration o f  the XH  NM R spectra reveals a 

doubling o f  the expected number o f  signals. The [Ru(bpy)2(LL4 )]2+ com plex contains 56 

aromatic protons, the [Ru(bpy)2(LL5)]2+ com plex contains 54 protons while the 

[Ru(bpy)2(LL6)]2+ complex contains 54 aromatic protons.
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The origin of the doubling of the number of protons in the *H NMR of the complexes 

[Ru(bpy)2(LL4)](PFrt)2, [Ru(bpy)2(LL5)](PF6)2 and [Ru(bpy)2(LL6)](PF6)2 can be 

explained using molecular modelling of the compounds using Hyperchem®.

Case A Case B

Figure 3.25 Representation o f  the origin o f  the conformational isomers fo r
[Ru(bpy)2(LL4)]2\

Figure 3.25 is a pictorial representation of two possible modes of coordination that will 

lead to the formation of isomers of the complex. In reality coordination takes place by 

substitution of solvent molecules which have already replaced the chlorides of the 

starting material. From this diagram it can clearly be seen that the OH group of the LL4 

ligand (red group) will be in two different chemical environments after coordination. In 

Case A  the red OH group will be stacked above a 2,2’-bipyridyl ring, and will be 

influenced by the ring current produced by the aromatic ring. In Case B, the phenyl ring 

sits above one of the 2,2’-bipyridyl moieties allowing the OH group to point into space.
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In the free ligand, the phenyl ring on which the OH group is located is free to rotate. 

Figure 3.25 shows clearly that this is not the case after coordination and leads to the 

phenyl ring adopting one of two orientations. (Case A or Case B in Figure 3.25). The 

differences in environment are not detectable by HPLC, but these differences become 

apparent in the :H NMR spectrum of the complex where a doubling of the expected 

number of protons occurs (each set of protons represent the complex containing the LLx 

ligand in one of two different conformations). The HyperChem diagram above is the 

representation of the case for the LL4 ligand. The hypothesis can be extended to include 

the LL5 and LL6 ligands which also contain substituted phenyl rings. For the LL5 

ligand, the two chloro substituents cause the ligand to adopt two different orientations on 

coordination, while the methoxy groups of the LL6 ligand cause the same problem. In 

each case a doubling of the number of protons expected in the lH NMR spectrum 

occurs.

The lH NMR spectrum of the complex [Ru(bpy)2(LL4)]2+ is given in Figure 3 .26. The 

spectrum of the LL4 ligand is also given for comparison. In order to prove that the peaks 

at 9.65 and 10.89 ppm in the :H NMR spectrum of the complex were indeed those of the 

OH group of the substituted phenyl ring a simple H NMR experiment was performed. A 

few of drops of D20  were added to the NMR sample after the original spectrum had 

been run and a second proton spectrum was run. The disappearance of the OH peaks can 

clearly be seen (Figure 3.26). The most important observations to make about the 

spectrum of the complex are to do with the relative positions of the proton of the OH 

group. It is clear that there are two OH groups present in the spectrum of the complex, 

whereas the free ligand contains only one. The relative chemical shifts of the OH peaks 

are given in Table 3.16.

I
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ppm

Figure 3 .2 6 1H  NMR o f  the free  ligand LL4 (black) and the corresponding 

[Ru(bpy)2(LL4)](PF6)2 complex (red) in d6-acetone. Note the relevant positions o f  the 

OH groups. Case A  and B  refer to the environment ofthe OH groups in Figure 3.25. The 

blue spectrum is the [Ru(bpy)2(LL4)](PF6 ) 2  complex + D 2 O.
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Proton Chemical Shift in d^-acetone

(ppm)

OH in free ligand 10.99 N/A

OH in complex 10.89 9.65

Table 3.16 Relative chemical shifts o f  the OH protons in the free  ligand and in the

mthenium(II) complex.

The reason two OH groups are observed is due to the two different orientations adopted 

by the phenyl ring on coordination. The same criteria can be used to explain the 

difference in the chemical shifts of the two OH groups as has been used to explain the 

upfield shift experienced by the H  proton on coordination. Again it is due to the 

diamagnetic anisotropic effect it feels while sitting in the ring current of an adjacent 2,2’ 

bipyridyl unit (Figure 3.23). The modelling of the LL4 ligand indicates that one of the 

conformational isomers places the OH proton directly over a bipyridyl ring (Case A in 

Figure 3.25) and this causes a shift of 1.3 ppm in the position of the proton in the 

spectrum. The second OH proton evident in the spectrum of the complex is also shifted 

in comparison to the free ligand but to a lesser extent (Case B in Figure 3.25). Even 

though it is not sitting directly in the ring current it still feels the effect and is therefore 

shifted upfield also.

Again efforts were made to simplify the spectrum, and a complex containing deuteriated 

2,2’-bipyridyl moieties was synthesised, [Ru(i/<s-bpy)2(LL4)|(PF<;)2. The 'H NMR 

spectrum of the deuterated complex should be similar to that of the free ligand, with the 

exception of one or two of the signals which would be shifted upon coordination. The H 

NMR of the deuteriated complex can be seen in Figure 3.27. Integration of the spectrum 

of the complex [Ru(i4-bpy)2(LL4)](PF6)2 results in 26 individual protons including both 

of the OH protons already discussed. This is double the expected number of protons and 

is further proof of the existence of the conformational isomers. The residual non 

deuteriated 2,2’-bipyridyl protons are also evident in the Figure 3.27 and should be 

ignored.
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Figure 3 .27JH  NMR spectra o f  the aromatic protons o f  the free  ligand LL4 and the 

complex [Ru(ds-bpy)¡(LL4)](PFf) 2 in d6-acetone.

The NMR spectra of the complexes [Ru(bpy)2(LL5)](PF6)2 and

[Ru(bpy)2(LL6)](PF6)2 show the same evidence of the presence of rotamers and are 

given in Figures 3.28 and 3.29 respectively.
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Figure 3.28 !H N M R spectrum o f  [Ru(bpy)2(LL5)](PFe)2  in de-acetone.
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Figure 3.29 JH N M R spectrum o f  [Ru(bpy)2(LL6)](PF6)2 in di-acetone.
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The presence of the conformational isomers is evident from both Figure 3.28 and Figure 

3.29. The doubling of the expected number leads to cluttering of the aromatic region and 

discrete signals are difficult to isolate. The exception is in the spectra of 

[Ru(bpy)2(LL5)](PF6)2. The doublet centred at 6.64 ppm represents the Hi proton 

(Figure 3.15) as does the doublet centred at 6.05 ppm. Again, the reason that these peaks 

are so far upfield is due to the orientation of the phenyl ring in relation to the 2 ,2 ’- 

bipyridyl rings. The proton is again sitting in the ring current of the aromatic 2,2’- 

bipyridyl unit and this is causing the shielding which leads to the upfield shift. This 

upfield shift has been typically circa 1 ppm for the other protons in the spectra.

There is further evidence of the presence of conformational isomers in the lH NMR 

spectra of [Ru(bpy)2(LL6)](PF6)2. Examination of the ligand LL6 (Figure 3.15), 

indicates that two singlets in the aliphatic region of the !H NMR should be evident, each 

integrating to three protons representing the two sets of three equivalent methoxy 

protons. As can be seen from Figure 3.29 above, the actual *H NMR contains not 2 sets 

of methoxy protons as expected but 4 sets of methoxy protons, each integrating to 3 

protons. These protons further prove the existence of the conformational isomers.

To conclude the *H NMR discussion. The complexes of the LL1, LL2, LL3 and LL8 

ligands all behave as expected and the protons of the LLX ligands in the complexes have 

been assigned. The complications which arise on examination of the XH NMR spectra of 

the complexes of the LL4, LL5 and LL6 ligands can be explained in terms of two 

different conformations adopted by the phenyl ring on coordination, leading to the 

formation of two isomers, which can be described as rotaraers. As can be appreciated, 

the problems associated with these rotamers needed to be examined further. This is 

described in Chapter 3.12.
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3 .7  A b s o r p t i o n  a n d  E m i s s i o n  S p e c t r a  o f  t h e  L i g a n d s :

The photophysical, photochemical and electrochemical properties of the complexes have 

been studied, and provide a picture of the interaction between the LL* ligands and the 

metal centre. To understand this interaction better, the UV/Vis and emission spectra of 

the free ligands in MeCN were recorded. It is hoped that this investigation of the 

spectroscopic properties of the free ligands will enhance the ability to understand the 

behaviour of the complexes. The absorption spectra of the LLx ligands are given in 

Figures 3.30 and 3.31 while the emission spectra are provided in Figures 3.32 and 3.33.

Wavelength (nm)

Figure 3.30 UV-visible spectra o f  the free ligands LL1, LL2, 
LL3 and LL4 in MeCN.
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Wavelength (nm)

Figure 3.31 UV-visible spectra o f  the free  ligands 
LL5, LL6, L L 7 and LL8 in MeCN.

Ligand Absorption (Xmax) 

(nm)

Emission (Xmax) 

(nm)

LL1 225,282,325,357 446

LL2 248,358 448

LL3 243, 308 371

LL4 326, 349 462

LL5 228, 322,351 449

LL6 315,361 (sh) 450

LL7 277,331,373 456

LL8 236,365 475

Table 3.17 Table o f  the absorption and emission data o f  the free ligands in MeCN.
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Wavelength (nm)

Figure 3.32 Emission Spectra o f  the free  ligands LL1, LL2, LL4, LL5 and LL6 inMeCN. 

Excitation was in the maximum o f  absorption.

Wavelength (nm)

Figure 3.33 Emission Spectra o f  the free  ligands LL3 and LL8 in MeCN. Excitation was

performed in the maximum o f  absorption.
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The absorption spectra of the LLX ligands are dominated by 71—>71* transitions. In the 

case of the LL1 ligand, three peaks are observed. These may correspond to absorption 

from the three different rings in the molecule (i.e. the two pyridine rings and the five 

membered imidazo type ring). The absorption spectra of the ligands are unusual in that 

they absorb in the high energy side of visible region. This becomes important on 

examination of the absorption spectra of the mixed ligand ruthenium and osmium 

complexes.

The emission spectra of the ligands are also unusual, and variations in the Àmax of the 

different ligands exist. The ^max of most of the ligands is centred at circa 450 nm, with 

the exception of the LL3 and LL8 ligands. The LL3 ligand differs from the other LLx 

ligand by virtue of the additional nitrogen in the 5 membered ring. The ^max of the LL3 

ligand is shifted to higher energy and is centred at 371 nm. The LL8 ligand consists of 

two fused 5 and 6 membered rings. The emission of this symmetrical ligand is red 

shifted in comparison to the other LLx ligands, and its X.max is centred at 475 nm.

The low energies of the absorption and emission spectra of the LLx ligands may be 

interpreted in such a way as to presume that the emissive state in the ruthenium 

bisbipyridyl complex should be based on the LLX ligands as the energy of the emission 

from this ligand is low and as has been discussed in Chapter 1.4 (emission occurs from 

the lowest emitting state). 58 It is important to remember however that the energy of the 

emission observed for these ligands corresponds only to the difference in energy 

between the ground and excited states of the ligands and comparison of the energy of 

this process with for example the emission of 2 ,2 ’-bipyridyl is pointless without 

knowing the relative ground state energies of both compounds. This is investigated 

further as the photophysics and electrochemistry of the complexes are examined.
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3 .8  U V / V i s  A b s o r p t i o n ,  E m i s s i o n  S p e c t r o s c o p y  a n d  

L u m i n e s c e n c e  L i f e t i m e s  o f  t h e  R u t h e n i u m  ( I I )  C o m p l e x e s .

The electronic absorption spectra of the parent compound [Ru(bpy)3]2+ and the ligands 

have already been discussed. (Chapter 1.5 and Chapter 3.7). The absorption spectra of 

the ruthenium(II) compounds to be discussed are presented in Figures 3.34 and 3.35. 

The electronic properties of the complexes are listed in Table 3.19.

Wavelength (nm)

Figure 3.34 Absorption spectra o f  the listed complexes inMeCN.
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Wavelength (ran)

Figure 3.35 Absorption spectra o f  listed complexes in MeCN.

2_|.

Figure 3.36 compares the absorption spectra of the complexes [Ru(bpy)2(LLl)] , 

[Ru(bpy)3]2+and the free LL1 ligand. As well as the normal 2,2’-bipyridyl centred (LC) 

n—>7i* bands ( X m a x  at circa 290 nm) a new absorption band in the region 320 nm to 400 

nm has appeared. Comparison of this band to the free ligand shows that this band may 

be attributed to the introduction of the LL1 ligand into the complex and that this band 

may be attributed to ligand centered (LC) it—>n* transitions on the LL1 ligand. Similar 

bands are observed in the absorption spectra of the other complexes. (Figure 3.34 and 

3.35).
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Wavelength (nm)

Figure 3.36 Comparison o f  the absorption spectra o f  / Ru(bpy)3] 2+, [Ru(bpy)2(L L l)f~

and the free  ligand LL1.

The bands which are of most interest in these complexes are the dn-^n*  metal to ligand 

charge transfer bands. These intense bands have extinction coefficients typically in the 

range of 104 M“1cm'1. The position of these bands provide information about the 

electronic structure of the complex.59 The presence of strong a-donating results in the 

ruthenium centre being more electron rich and this causes the MLCT band to be shifted 

to the red (i.e. to lower energy) 60 As discussed in the introduction to this chapter, similar 

ruthenium complexes of imidazole, benzimidazole and triazole ligands have absorption 

spectra whose 1MLCT bands have been shifted to lower energy due to the a-donating 

properties of the ligands. Figure 3.37 is a comparison of the absorption spectra of 

[Ru(bpy)3]2' with some of the complexes being discussed. Attention is focussed on the 

1MLCT bands, which are red shifted slightly for the complexes containing LLx ligands.
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Wavelength (nm)

Figure 3.37 Comparison o f  the position o f  theM LCT hand o f  selected complexes with

[Ru(bpy)3] 2+ inMeCN.

Deuteration of the ligands is not expected to have any effect on either the position or the 

intensity of the MLCT of ruthenium(E) complexes. 63 The extinction coefficients of the 

[Ru(i/s-bpy)2(LLx)]2+ complexes have not been measured as they should be the same as 

for the undeuterated complexes.
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Compound Absorption 

(nm)
£

(M'1cm'1)

Emission, 

298K 

X™* (nm)

Emission,

77K

(nm)

[Ru(bpy)2(LLl)]2" 460 10500 630 591

420 10200

[Ru(bpy)2(LL2)]2+ 453 10100 630 593

423 10200

[Ru(bpyMLL3)]2+ 455 10450 630 572

420 10100

[Ru(bpyMLL4)]2+ 460 10100 640 598

420 10600

[Ru(bpy)2(LL5)]2+ 456 10200 630 592

440 9950

[Ri.(bpy)2(LL6)]2+ 457 10300 632 596

422 9800

[Ru(bpy)2(LL8)]2+ 465 (sh) 9900 645 615

421 9450

Table 3.18 Electronic Properties o f  the Ruthenium(U) complexes in MeCN.

The compounds studied exhibit luminescence at room temperature and at 77K. This 

emission originates from a triplet MLCT state.60 The emission spectra o f the complexes 

studied can be seen in Figures 3.38-3.41.
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Wavelength (nm)

Figure 3.38Emission spectra o f  the listed complexes inMeCN.

Wavelength (nm)

Figure 3.39 Emission spectra o f  the listed complexes inMeCN.
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Wavelength (nm)

Figure 3.40 Emission o f  ruthenium complexes at 77K in butyronitrile.

Wavelength (nm)

Figure 3.41 Low temperature emission o f  ruthenium complexes in butyronitrile.
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As in the case of the absorption spectra there is a shift of circa 15 nm to the red in 

comparison to [Ru(bpy)3]2+. This shift to lower energy can be explained by the fact that 

the mixed ligand species now contains a ligand which has a better c-donating capacity 

than the bipyridyl ligands in the parent complex [Ru(bpy)3]2+ The new ligands increase 

the charge on the metal relative to the bipyridyl ligands and the metal to ligand charge 

transfer process, which is a d7i—>7t*(bpy) process becomes easier and therefore occurs at 

lower energy.

At 77K, all the complexes exhibit a strong emission with vibrational structure. This 

vibrational fine structure has been attributed to relaxation via bipyridine-based 

vibrations 61 and is common for both ruthenium and osmium complexes. Cooling to 77K 

leads to a blue shift in the emission maxima of the complexes. This shift to higher 

energy is caused by a phenomenon known as “rigidchromism”. 62 In the glass matrix 

formed at 77K, the solvent dipoles are immobile on the timescale of the excited state, 

and therefore cannot respond to the change in electronic configuration between the 

ground and excited state of the molecule. The increase in intensity is attributable to 

several factors, the first of which is solvent dependent. At 77K the environment in which 

both the solvent and complex are held is rigid, preventing deactivation of the excited 

state by vibronic coupling to low frequency, high amplitude Ru-N vibrations which 

contribute to radiationless decay. Another factor to note is the population of the JMC 

level which can act as a deactivation pathway for the excited state. The 3MC state cannot 

be populated at 77K (it is a thermally populated energy level), which also leads to an 

increase in the intensity of the emission at 77K. Finally, quenching by O2 is considerably 

reduced at 77K as diffusion of oxygen to the excited state is restricted.

Having shown that the complexes emit at both room temperature and at 77K, the nature 

of this emitting state was investigated. Deuteration of the 2,2’-bipyridyl ligand and the 

subsequent use of this deuterated ligand to synthesise the mixed ligand complexes 

containing the LLx ligands have allowed the nature of the emissive state to be 

determined. The synthesis of the deuterated complexes are detailed in Section 3.2.
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Deuteriation has been used as a tool for the study of the photophysical properties of 

organic and inorganic systems since the 1960s. 6 ’ The effect of solvent deuteriation has 

been of most interest, but the effect of ligand deuteriation has also been studied in order 

to increase lifetimes and improve the quantum yield of complexes. In the area of 

supramolecular chemistry this has proved to be very useful as often complex molecular 

assemblies are involved.

For aromatic compounds, both the So and Ti states are in nature and therefore out

of plane C-H bending modes would be potential channels for radiationless decay. 

Deuteration reduces both the amplitude and the frequency of C-H vibrational modes and 

therefore C-D vibrations are of a lower frequency and amplitude than the equivalent C-H 

vibrations which results in an increase in the observed lifetime of the electronically 

excited state. This is more pronounced for free aromatic compounds than for transition 

metal complexes since the excited state of the complexes are generally more distorted 

with respect to the ground state and hence lower frequency vibrational modes, such as 

ring breathing, are more important.

It was hoped therefore that a comparison of the lifetimes of both the undeuterated 

complexes and the deuterated complexes may yield information on the nature of the 

excited state. The results of this analysis is listed in Table 3.19.

The emission quantum yields of the complexes are also given in Table 3.19. The values 

range from 0.6 xlO '3 to 1.0 x 10‘3. The reference used to calculate these is [Ru(bpy)3]2+ ( 

whose emission quantum yield is 1.2 x 10'3.)
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Complex 298K 298K (deacrated) 77K
(aerated solution)

r (ns) Ox icr3c I (ns) ® x 10 x(us)

[Ru(bpy)2(LLl)]2+ 122 1 801 3.1 6

[Ru(^-bpy)2(LLl)l2+ 128 1 1050 4.4 N/A

[Ru(bpy)2(LL2)f+ 116 0.95 758 4.1 5.54

[Ru(bpy)2(LL3)]2+ 128 0.8 970 4.6 6.4

|Ru(bpy)2(LL4)|2' 134 0.8 872 3.3 5.67

|Ru(^bpy)2(LL4)l2+ 140 0.8 980 4.1 N/A

[Ru(bpy)2(LL5)]2+ 165 1.1 902 3.8 5.6

[Ru(bpy)2(LL6)]2+ 151 0.8 789 3.7 5.25

[Ru(bpy)2(LL8)]2+ 95 0.6 502 3.1 4.75

Compounds degassed with argon. 

Lowest energy absorption bands. 
Reference is [Ru(bpy)3] 2' in acetonitrile.

Table 3.19 Results o f  Emission Lifetime Experiments

The lifetimes of the complexes in degassed acetonitrile lie between 500 ns for the 

[Ru(bpy)2(LL8)](PF6)2 complex and 970 ns for the [Ru(bpy)2(LL3)](PF6)2. This 

compares to the value of 1000 ns for [Ru(bpy)3]2+. The undeuterated complex 

[Ru(bpy)2(LLl)](PF6)2 has a lifetime of 122 ns in aerated acetonitrile. The lifetime of 

the compound in deaerated acetonitrile was measured as 800 ns. The lifetime for this 

deuterated complex in aerated acetonitrile was 128 ns while the lifetime for the complex 

in deaerated acetonitrile was found to be 1050 ns. The same increase is observed for the 

deuterated analogue of the [Ru(bpy)2(LL4)]2+ complex. In deaerated MeCN the lifetime
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is 870 ns, while the lifetime of the deuterated complex is 980 ns. These increases of 

circa 20% in the lifetimes of complexes containing deuterated 2 ,2 ’-bipyridyl ligands 

indicates that the emitting state is most likely 2 ,2 ’-bipyridyl based on the mixed ligand 

complexes, and the emission does not originate from the I.LX ligands. The increase in 

lifetime has occurred for the compound with the deuterated 2 ,2 ’-bipyridyl ligands.

In answering whether the emitting state is localised on the bipyridyl ligand or located on 

one of the ligands it should be realised also that deuteration is not the only tool used to 

assign the excited state. It is important at this stage to mention the relationship that has 

been established between the electrochemical potentials and both the absorption and
60,64emission maxima.

In a MLCT process, an electron is removed from the filled metal orbital to an empty 

ligand orbital (d7t—>7t*). Oxidation is also the removal of an electron from the d-orbitals 

while upon reduction, an electron is added to the lowest unoccupied molecular orbital 

(LUMO) of the complex. This also helps to explain what happens in an MLCT process. 

By probing the energy of the LUMO using electrochemical means, this provides 

information about the nature of the emissive state. From the electrochemical 

measurements obtained for the mixed ligand complexes, the first two reduction 

potentials appear to be directed to the two 2,2’-bipyridyl ligands. (This is discussed 

further in Chapter 3.10). This indicates that the n* levels of the 2,2’-bipyridyl ligands 

are lower in energy than those of the new ligand. It is expected, therefore, that for the 

mixed ligand complexes that the observed emission is 2 ,2 ’-bipyridyl-based.
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3 . 9  P h o t o c h e m i s t r y  o f  t h e  c o m p l e x e s :

It was noticed during the characterisation of the complexes, that the samples very often 

changed colour on exposure to light. This is not an uncommon occurrence, the 

photochemistry and photodecomposition of [Ru(bpy)3]2+ has been well documented,65' 

66 The photochemistry of the complexes were examined by UV/Vis spectroscopy and 'H 

NMR. The results of this analysis are presented in Figures 3.42 and 3.43.

0 ruin

300 400 500 600

Wavelength (nm)

Figure 3.42 Photochemistry o f  the [Ru(bpy)2(LLl)]2+ complex in MeCN.
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Figure 3.43 Photochemistry o f  the [Ru(bpy)2(LL3)J T complex inMeCN.

The two complexes studied were [Ru(bpy)2(LLl)]2+ and [Ru(bpy)2(LL3)]2+. It was felt 

that it was important to examine both an imidazo and a triazo containing ligand. It is 

obvious that changes have occurred, and these changes have occurred on a relatively 

short timescale (less than 100 min). There are slight changes in the intensity of the 

7i—>7r*(bpy) bands, but the real differences occur in the ligand centred n—>n* of the LL1 

and LL3 ligands which seems to collapse and in the MLCT bands of both complexes 

which change in both intensity and position. The changes in the region from 250 nm to 

400 nm is discussed later, but first the changes to the 1MLCT band should be examined.
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The 1MLCT band of the [Ru(bpy)2(LLl)]2' and the [Ru(bpy)2(LL3)]2+ complex is 

affected differently on irradiation of the sample. The band is shifted to lower energy in 

the [Ru(bpy)2(LLl)]2+ complex (from a Xmax o f460 nm to o f476 nm). The opposite 

is the case for the [Ru(bpy)2(LL3)]2+ complex where the Xmax is shifted to higher energy 

(from 455 nm to 427 nm). This shift to lower energy produces a spectrum similar to that 

of the complex [Ru(bpy)2(MeCN)2]2+, which has a Xmax at 425 nm. 67 This is consistent 

with the photolysis leading to the loss of the LL3 ligand with subsequent replacement by 

MeCN. This mechanism does not explain the behaviour of the [Ru(bpy)2(LLl)]2+ 

complex however.

The bands from 250 nm to 400 nm have been assigned to transitions on the LLx ligands. 

It was decided therefore that the photochemistry of the LL1 and LL3 ligands needed to 

be examined. The results of this examination are presented in Figure 3.44.
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Figure 3.44 Photochemistry o f  the LL1 ligand in MeCN.
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No photochemistry was observed for the LL3 ligand over a similar timescale. The 

photochemistry exhibited by the LL1 ligand was surprising. The presence of the 

isosbestic point at 270 nm indicates that the photochemistry may result in the growth of 

a single photoproduct, however as the isosbestic point is not very well defined, it is not 

possible to rule out the presence of more than two species in the solution. It was decided 

to follow this process by *11 NMR As before, the sample was dissolved in ¿/j-MeCN and 

placed in a quartz cuvette which was irradiated by a 100W slide projector. Samples were 

taken from this solution in order to perform the NMR experiments. The photochemistry 

of the [Ru(bpy)2(LLl )]2+ complex was also followed by *11 NMR.

L L I  ligand
LL1 ligand after 6  hours irradiation

I J U __________

1 --------------1 1—  I------------------- 1--------------1 I I I--------------1--------------I I--------------1 I I

8 .5  8 .0  7 .5  7 .0  6.5

ppm
Figure 3.45 JH NM R spectra o f  the LLI ligand in d3-MeCN before (blue) and after 6

hours irradiation (red).

As can be seen from Figure 3.45, the examination of the photodecomposition of the LLI 

ligand by ’H NMR merely shows a decrease in the intensity of the signals, but does not 

indicate the change in structure which is expected on examination of the UV/Vis data. 

This result was surprising, but may be due to the differences in concentration between 

the two experiments. In order to perform the *13 NMR experiment, the concentration of
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the sample must be high, whereas this is not the case in the UV/Vis experiment. Changes 

in the aliphatic region were noted also in the NMR of the irradiated sample. These 

changes however appear to be solvent related.

Examination of the photolysis of the [Ru(bpy)2(LLl)]2+ complex by ^  NMR yielded 

the expected changes in the spectra. The results of this analysis is presented in Figure 

3.46.

9.0 8.5 8.0 7.5 7.0

P P mFigure 3.46 H  NMR o f  the aliphatic region o f  the complex [Ru(bpy)(LLl)J + in ds- 

M eCN before (blue) and after 6  hours irradiation (red).
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The differences between the before (blue) and after (red) spectra in Figure 3.46 are quite 

pronounced. Coupled to the decrease in intensity of the signal, a number of additional 

peaks have formed. This growth has been followed over time (only the initial and final 

spectra have been included). Assignment of the spectrum is complicated, and the nature 

of the photoproducts has not been revealed by this experiment.

The photochemistry of these complexes is discussed and explained further in the next 

chapter (Chapter 4.7) with emphasis on the comparison of the photochemistry of the 

osmium complexes to those presented here.

3 . 1 0  E l e c t r o c h e m i s t r y  o f  t h e  l i g a n d s :

It was realised during the electrochemical analysis of the ruthenium complexes that the 

LLX ligands are electrochemically active in the oxidative region being examined. For this 

reason the electrochemical properties of the free LLX ligands has been investigated.

Complete electrochemical analysis of each of the LLx ligands has not been performed. 

This is due to the insolubility of the LL4, LL6 and LL7 ligands in a suitable solvent in 

concentrations that would provide reproducible results. The analysis of the LL1, LL2, 

LL3, LL4 and LL8 ligands is discussed in this section. Illustrative cyclic 

voltammograms are presented in Figures 3.47 and 3.48.

122



Cu
rre

nt
 /

1 
e-5

A 
<5 

Cu
rre

nt
 /

1 
e-5

 A
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Potential / V vs Ag/Ag+

3.47 Illustrative C V o f  the oxidation potentials o f  the LL1 ligand in M eCN with

O.IMTBABF4.

Potential / V vs Ag/Ag+

Figure 3.48 CV o f  the oxidation potentials o f  the LL8  ligand in M eCN with 0.1M

IBABF4 .
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Figures 3.47 and 3.48 present the oxidative behaviour of the free LL1 and LL8 ligands 

in MeCN. As in all the electrochemistry discussed in this thesis, the reference electrode 

used during the experiment was Ag/Ag+. This reference electrode has been calibrated 

versus ferrocene at the end of each days experiments. The CVs presented in Figures 

3.49, 3.50 and 3.51 present the oxidation potentials vs Ag/Ag+ whereas the tabulated 

data throughout this thesis present the data v.v Fc/Fc+.

Compound Oxidation Potentials (E1/2) V v.v Fc/Fc+

LLI 0.52,1.02, 1.26

LL2 0.49, 0.98

LL3 1.20

LL4 0.55, 1.15

LL8 0.15,0.34

Table 3.20 Oxidation potentials o f  the LLI, LL2, LL3, LL4 and LL8 ligands in M eCN  
with 0.1M TBABF4 as supporting electrolyte.

Table 3.20 lists the oxidation potential of the free ligands that were soluble in the 

electrolyte. No reduction potentials were observable in the potential window available. 

The multiple oxidation potentials present for the free ligands indicate the ligands are 

electron rich species. This study will help to explain the electrochemistry of the 

ruthenium(II) bisbipyridyl complexes, although it should be remembered that 

coordination will alter the electron density of the LLx ligands.

3 .1 1  E l e c t r o c h e m i s t r y  o f  t h e  r u t h e n i u m ( I I )  c o m p l e x e s :

Many electrochemical investigations on mononuclear and polynuclear ruthenium(H) 

complexes containing polypyridyl ligands have been previously reported and some 

relevant data has already been discussed in Chapter 3.1. From these studies it is 

generally accepted that oxidation processes are metal-centred while reduction processes 

are ligand centred. Surprisingly, however for the complexes reported in this section
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several oxidation potentials are present for each of the ruthenium(II) complexes studied. 

This is an unusual characteristic, and is likely a property related to the LLx ligands. 

(Section 3.10) This observation will be examined in the following section.

The complex [Ru(bpy)3]2+ is again used as a comparison for the results achieved during 

the electrochemical analysis of the compounds. It was therefore important to perform the 

electrochemistry of [Ru(bpy)^]2' under the same experimental conditions as those used 

for the other complexes, to allow for direct comparison. The results of the experiments 

on [Ru(bpy)3]2+ can be found in the diagram Figure 3.49, while Figure 3.50 illustrates 

the redox potentials observed for the complex [Ru(bpy)2(LL3)]2+. The anodic region of 

the cyclic voltammogram features a reversible metal-centered oxidation, while the 

cathodic region exhibits three very clearly defined waves. The first two waves (i.e. the 

least negative waves) result from the reduction of both of the coordinated 2 ,2 ’-bipyridyl 

ligands while the third results from the reduction of the LL3 ligand.

The width of the potential window is illustrated clearly by these experiments. The 

potential window can be substantially widened once precautions are taken to ensure the 

purity and especially the dryness of the apparatus, solvent and compounds being used to 

perform the experiment
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- 1.2 - 0.6 0  0.6 

Potential / V vs Ag/Ag+

F/gi/re 3.49 CVoffRu(bpy)3/ 2' in MeCN with 0 .1M TBABF4.

Potential / V

Figure 3.50 Oxidation and reduction potentials o f  the complex [Ru(bpy)2(LL3)]2

MeCN with 0 .1M TBABF4.
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Potential / V vs Ae/Aff+c.-’

Figure 3.51 Oxidation potentials o f  the complex [Ru(bpy)2(LL6)]2+ in M eCN with 0.1M

TBABF4.

Figure 3.51 provides a good example of the additional oxidation potentials being 

observed for these complexes. A table of the results of the electrochemical analysis of all 

the ruthenium(ll) bipyridyl complexes in the series is presented in Table 3.21.

The potentials of the metal based Ru(n)/Ru(m) oxidation are taken as being the lowest 

oxidation potential observed for the complexes listed in Table 3.21 except in the case of 

[Ru(bpy)2(LL8)]2+ which appears to have a ligand based oxidation wave as the lowest 

potential. This follows from the electrochemical study of the free ligands. The oxidation 

waves observed for the LL8 ligand were circa 300 mV lower than for the corresponding 

LLx ligands. Defining the reversibility of electrochemical processes is complicated, but 

in this case, based on the assumptions derived from the Nemst equation the reversibility 

of the process is based on whether the system is thermodynamically or electrochemically 

reversible. 68 This information can be extracted for each wave in the voltammogram by 

examining the difference between the anodic and cathodic peak currents. Assuming
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Nernstian behaviour, a system with peak to peak separation of between 60 and lOOmV is 

considered reversible. 69

Chapter 3: Synthesis and characterisation o f  a series of[Ru(bpy)2 (LLi)]2+ complexes.

Compound
Oxidation Potentials, Ein

Reduction potentials, Em- 

Ligand based.

[Ru(bpy)3]2+ -1.82 (69)

0.88 (69) -2.01 (64) 

-2.26 (89)

[Ru(bpy)2(LLl)]21 0.78 (83) -1.79 (64)

1.36 (irr) -2.01 (97)

[Ru(bpy)2(LL2)]2+ 0.77 (73) -1.77 (72)

1.21 (irr) -1.99 (85)

[Ru(bpy)2(LL3)]2+
0.87 (76) 

1.97 (irr)

-1.76 (67) 

-1.96(78) 

-2.27(110)

[Ru(bpy)2(LL4)]2+ 0.82 (150) 

1.79 (irr)
-1.82 (67)

[Ru(bpy)2(LL5)]2+ 0.81 (77) 

1.22(irr) 

1.43 (irr)

-1.77 (78) 

-2.02(161)

[Ru(bpy)2(LL6)]2+ 0.77 (69) 

1.29 (irr) 

1.46 (irr)

-1.80 (74) 

-2.07 (82)

[Ru(bpy)2(LL8)]2+ 0.41 (67)

0.73 (75) -1.70 (69)

1.38 (irr) -1.93 (88)

1.71 (irr)

Table 3.21 Oxidation and reduction potentials fo r  the ruthenium(II) complexes in 

M eCN with 0.1M TBABF4 (V  vs Fc/Fc+).
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The Ru(,I)/Ru(III) potentials are all lower than the oxidation potential found for 

[Ru(bpy)3]2T performed under similar experimental conditions. (Table 3.22). This agrees 

with the analysis of the photophysical results and indicates that the metal ion has more 

electron density, which is caused by the ligand being either a strong a-donating or weak 

7r-accepting ligand. Comparison of this with the complexes discussed in Chapter 3.1 are 

in agreement with this supposition. The similarities in structure between the LLx ligands 

and ligands such as imidazole, bisimidazole and bisbenzimidazole indicated that the 

ligands should be cr-donating and this is indeed the case. The results for some of these 

similar ruthenium(II) complexes and those achieved for the [Ru(bpy)2(LLx)]2+ complex 

are compared in Table 3.22.

Compound E1/2, V vs Fc/Fcr

Oxidation Reductions

[Ru(bpy)2(LLl)]2+ +0.78 -1.82

- 2.01

[Ru(bpy)2(PbzImH)]2+ +0.79 -1.87

-2.14

[Ru(bpy)2(PimH)]2+ +0.76 -1.90

-2.16

[Ru(bpy)2(BiBzImH2)]2+ +0.74 -1.98

-2.28

[Ru(bpy)2(BiImH2)]2+ +0.68 -2.04

-2.34

Table 3.22 Comparison o f  the redox potential of[Ru(bpy)2( L L l ) f+ with the protonated 
complexes o f  some o f  the ligands studied by Haga et al. 2,3,6

Table 3.22 indicates clearly that the a-donating ability of the LL1 ligand is comparable 

to that of the PbzImH and PimH ligands, but not as strongly donating as the BilmHo 

ligands. The oxidation potentials of these ligands move cathodically in the order Bilmth 

> BiBzImH2 > PimH > PbzImH > bpy, and the LL1 ligand sits in the centre of this 

group. 2,3,6
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The effect on the metal based oxidation potentials of the different substituents at the 2’ 

position of the 5 membered ring, and the effect of changing from an imidazo to a tnazo 

type 5 membered ring is examined in this section. Taking the simplest, unsubstituted 

[Ru(bpy)2(LLl)]2+ as the parent complex, we will compare its Ru(n)/Ru(m) oxidation 

potential of 0.78 V vs Fc/Fc+ with that of the other complexes in the series.

The LL2 ligand contains a methyl group in the 2’ position of the 5 membered imidazo 

ring. The electron donating group should increase the electron density on the ligand. The 

metal based oxidation potential of this complex is 0.77 V v.s’ Fc/Fc'. The difference 

between this and the oxidation potential of the complex containing LL1 is almost 

negligible, indicating that the methyl group affects the electron donating ability of the 

LL2 ligand very little. The LL4 and LL5 ligands both contain a substituted phenyl ring 

in the 2 ’ position of the imidazo moiety. In the case of the LL4 ligand, the phenyl ring 

contains an OH group which is ortho to the phenyl-imidazo bond. Generally speaking, 

ortho substituents exert a steric crowding influence, being much closer to the sensitive 

binding site than meta or para substituents, and are therefore less able to exert their 

withdrawing effect. However in the case of the LL4 ligand, with the OH group being 

strongly electron withdrawing, and the phenyl ring also pulling electron density from the 

“parent” ligand, it was expected that the metal should be harder to oxidise, and the 

Ru(n)/Ru(m) was found to be 0.82 V vs Fc/Fc+, over 50mV higher than for the 

ruthenium(II) complex of LL1. The LL5 ligand contains electron withdrawing chlorine 

atoms in both the ortho and the para position (relative to the phenyl-imidazo bond). 

Again the ortho chlorine is not expected to affect the electron affinity felt by the phenyl 

ring as much as the chlorine in the para position. The complex has a metal based 

oxidation potential of 0.81 V vs Fc/Fc which is 40mV higher than for the “parent” 

complex, meaning the LL5 ligand has less electron donating ability than the LL1 ligand 

towards the complexed ruthenium cation, due to the electron donating effects of the 

substituent in the 2 ’ position of the imidazo ring, i.e. the metal is more difficult to 

oxidise.
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The methoxy group much like the methyl group (LL2) is expected to have an electron 

donating effect. This effect appears to be quite small however and an 'Em of 0.77 V vs 

Fc/Fc+ was found experimentally for the complex [Ru(bpy)2(LL6)]2+.

The oxidation potential observed of 0.87 V vs Fc/Fc+ was the highest found, and 

indicates that the triazo moiety appears to be less electron rich than the imidazo moiety 

or even the substituted imidazo moieties. As discussed already in Chapter 3.1, the
29 30 31 32 * 4 • *pyridyl-triazole complexes studied by Vos et al, ’ ’ ’ contain many similarities to the 

LL3 ligand. These similarities are obvious from Figure 3.52.

LL3 Hptr 4Mptr lM3ptr

Figure 3.52 Comparison o f  the LL3 ligand with the pyridyl triazole ligands studied by
j r  . , 29,30,31,32Vosetal.

Table 3.23 is a comparison with the results found for similar pyridyl-triazole/2,2’- 

bipyridyl type systems. In order for the comparisons to be valid the protonated forms of 

the complexes and the N2’ bound isomers of the pyridyl-triazole systems are quoted,
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Compound Em, V  vs SCE

Oxidation Reductions

[Ru(bpy)2(LL3)]2+ +1.25 -1.38

-1.58

-1.89

[Ru(bpy)2(Hptr)]2+ +1.14 -1.49

-1.73

-2.25

[Ru(bpy)2(4M ptr)]2+ +1.19 -1.39

-1.61

-1.94

[Ru(bpy)2(lM 3p tr)]2+ +1.20 -1.39

-1.61

-2.05

Table 3.23 Comparison with o f  the [Ru(bpy)2(LL3)]2+ complex with the pyridyl-triazole

complexes studied by Vos etal.

The oxidation potential o f  the [Ru(bpy)2(LL3)]21 com plex is higher than that observed 

for the pyridyl-triazole com plexes, indicating that the LL3 ligand is not as strongly a- 

donating as the pyridyl-triazoles.

For all the com plexes, with the exception o f  the [Ru(bpy)2(LL3)]2+, the first two 

reduction potentials were the only observable reduction waves. These reduction waves 

are comparable to the first two reduction potentials found for [Ru(bpy)3]2+ 70and is in 

agreement with the results from the lum inescence lifetime studies o f  the complexes, and 

o f  the deuterated analogues, that the first two reduction potentials are 2 ,2 ’-bipyridyl 

based. As mentioned the com plex [Ru(bpy)2(LL3)]2+ has an observable third reduction 

potential and from Table 3.23 it can be seen that this is to be expected from previous 

studies. The third reduction potential is at a more negative potential than that observed 

for [Ru(bpy)3]2+, indicating that the third reduction is based on the LL3 ligand proving
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that the LL3 ligand, and by analogy, the other ligands in the series, are weaker 71- 

acceptors than 2 ,2 ’-bipyridyl.

<

3O

Potential / V vs Ao/A»+

Figure 3.53 Oxidation and reduction potentials o f  the complex [Ru(bpy)2(LL8)]2+ in

M eCNwith 0.1MTBABF4.

The final ruthenium(II) bipyridyl complex in the series is that containing the LL8 ligand. 

The LL8 ligand contains two 5 membered imidazo rings fused to a 6 membered pyridyl 

type moiety. The other ligands contain only one of these fused conjugated systems. The 

oxidation potentials of the Ru(bpy)2 complex of the LL8 ligand can be seen in Figure 

3.57. Assignment of the metal based oxidation is not as straightforward as for the other 

complexes, as the complex contains several oxidation potentials in the region being 

examined. The free LL8 ligand contains oxidation potentials at 0.15 V, and 0.34 V vs 

Fc/Fc+. This compares to oxidation potentials of 0.41 V, 0.73 V, 1.38 V and 1.71 V vs 

Fc/Fc+ observed for the ruthenium complex. Comparison with the oxidation potential of 

the previously detailed complexes indicate that the oxidation potential at 0.73 V should 

correspond to the Ru(II)/Ru(III) couple. This is lower than the other complexes and 

indicates that it is the fused 5 and 6 membered ring system that is responsible for the a- 

donating ability of the ligand. Assignment of the wave at 0.73 V as metal based allows
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the wave at 0.41 V to be assigned as a ligand centred oxidation wave. Again, this is 

lower than observed for the other complexes studied, but by comparison to the oxidation 

potentials of the free ligand, this is a reasonable assumption to make.

3 . 1 2  F u r t h e r  D i s c u s s i o n  o f  t h e  R o t a m e r s  I s s u e :

The presence of isomers has already been discussed in the !H NMR section of this 

chapter. Here we look into the phenomenon further and examine more fully the 

properties of these rotamers.

In order to prove that the doubling of the number of signals observed in the *H NMR 

spectra of the complexes [Ru(bpy)2(LL4)]2+, [Ru(bpy)2(LL5)]2+ and [Ru(bpy)2(LL6)]2+ 

is due to an isomerisation effect and not merely a consequence of sterically hindered 

rotation of the substituted phenyl ring, temperature dependent JH NMR was performed 

on the complex [Ru(bpy)2(LL6)]2+. This experiment may prove whether the 

phenomenon is due to the orientation adopted by the ligand at the point of coordination, 

which resulted in the formation of the two rotamers or whether another process is 

responsible for the effect observable only by NMR. The results of this experiment may 

be seen in Figure 3.55. The experiment indicates whether an increase in temperature 

provides the energy to the substituted phenyl to overcome the barrier to rotation it may 

experience at room temperature. Should this be the case, performing the *H NMR 

experiment at temperatures higher than this temperature should lead to a change in the 

spectrum.

It was decided to perform this experiment on the [Ru(bpy)2(LL6)]2+ complex in d6- 

DMSO to allow higher temperatures to be reached during the experiment. The 

[Ru(bpy)2(LL6)]2+ complex was used because the four methoxy signals allow the 

experiment to be followed easily. At temperatures beyond the barrier to rotation, the four 

methoxy signals should appear as two singlets.
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This experiment has been used to study the fluxional behaviours in solution of a number 

of lopsided heterocycles previously. 71 The dynamic solution behaviour of the three 

different monodentate ligands, 1-methylimidazole, 1,2-dimethylimidazole and 1- 

methyldenzimidazole as complexes of the type [Ru(bpy)2(L)2] have been investigated. 

The smallest ligand rotate around the Ru-N axis fastest, while the larger ligands 

experience steric hindrance, rotate fast at 55°C, but slowly at low temperature leading to 

the appearance of atropisomers.

“ The arrows represent the interconversion pathway o f  the atrop
isomers, each via a single rotation o f  one o f  the imidazole ligands by 
about 180°.

Figure 3.54 Schematic representations o f  the fo u r  atropisomers with the arcs 
representing the bpy ligands and the rods representing the unsymmetric imidazole

derivatives. 72

The results of the temperature dependent H NMR study on the [Ru(bpy)2(LL6)]2+ 

complex in ¿/¿-DMSO can be seen in Figure 3.55.
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k h j \ ___________ _ j _____ k

ppm

Figure 3.55 Results from  the Temperature Dependent JH  NMR study o f  

[Ru(bpy)2(LL6)J2+ in d 6-DMSO.

In order to simplify the results, only the aliphatic region, which contain the signals of the 

methoxy groups has been shown. As discussed in Section 3.5, four methoxy signals are 

observed as opposed to the two expected signals. Should the doubling of the peaks be 

due to steric hindrance of the substituted phenyl ring, increasing the temperature, and 

thereby increasing the kinetic energy of the compound in solution, could result in the 

disappearance of the effect caused by the steric interaction, i.e. the four signals could 

become the expected two at higher temperatures. This does not happen however, and the 

only change observed on increasing the temperature is a very slight broadening and shift 

of the signals which can be explained by changes in the viscosity of the solvent on
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changing the temperature. This was the first experiment to investigate the rotamers, and 

the results added credence to the supposition that the effect seen in the *H NM R spectra 

is due to the presence o f  two separate isomeric species which were formed on 

coordination o f  the ligand with the [Ru(bpy)2] unit.

In order to investigate the effect further, another set o f  experiments, on the compound 

[Ru(bpy)2(LL6)]2+, were undertaken by Prof Villani in the University o f  Rome. Prof 

Villani has managed to separate the two isomers on a HPLC column. This trace is 

pictured below.

5 10 IS 20 25
minutes

Figure 3.56 HPLC trace o f  the two rotamers o f  the complex [Ru(bpy)2(LL6) ] 2+.
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The upper trace in Figure 3.56 is a computer simulated prediction of the expected 

behaviour of the rotamers on the column. The red trace is the actual experiment. Prof. 

Villani’s experiments have shown that the isomers interconvert on a C l8 column at 

temperatures greater than 45°C. At 55°C the on-column isomérisation produces a 

plateau between the two peaks. Computer simulation of the exchange modified 

chromatogram gives the (apparent) rate constant for this interconversion. The rate 

constant is an averaged value of the rate constants, km and kg, (where km is the 

interconversion rate in the mobile phase and ks is the interconversion rate on the 

stationary phase). The value for this interconversion rate calculated by Prof. Villani 

roughly translates to the rotamers having a half-life of about 6 hours at 25°C.

This result differs from the view on the presence of the rotamers. Before these results, it 

was believed that the two different isomers were formed in roughly equal ratios at the 

moment of coordination, and that interconversion from one isomer to another was not 

possible. The results achieved in Rome leads to a different approach to this issue being 

necessary. The results indicate that interconversion from one isomer to another is 

possible in solution, and at higher temperatures this interconversion is faster. The results 

so far have been on equilibrated solutions of the two isomers. It had previously been 

believed that if one of the isomers was isolated, that it would be stable as that isomer. 

This is not now the case, as an isolated isomer will eventually return to a mixture of the 

two isomers in solution, and that this process will be faster the higher the temperature. It 

was decided however that the isomers should be separated in amounts suitable for a :H 

NMR experiment. This has only recently been achieved, and the HPLC traces of the 

isolated isomers can be seen in Figure 3.57. One thing both the simulated and actual 

HPLC traces of the interconversion of the isomers is that this process has an 

interconversion rate that is not observable by NMR. (The interconversion rate is > 

seconds and needs to be much shorter for coalescence to be observed by NMR).
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92%

column : Hypersil C BDS 3um 10 cm 
eluent: CH3CN / H20  50 / 50 + 0.1 M KPF6 
flow rate : 0.7 mL / min T = 25 °C 
detection : UV @ 280 nm

1st eluted

23%

2nd eluted

T T T T T T T T T T “I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

minutes

Figure 3.57 HPLC traces o f  the mixture o f  isomers (bottom trace) and o f  the isolated
isomers (middle and top traces).

As can be seen from Figure 3.57, the isomers have successfully been separated. The 

trace at the bottom represents an injection of the re-equilibrated mixture of isomers of 

the first eluted isomers, proving the complexes reorientate in solution. Much work needs 

to be completed in order to fully understand this issue. This is discussed further in 

Chapter 8 .
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Chapter 4: Synthesis and characterisation of the 

[Os(bpy)2(LLx)](PF6)2 complexes.

A b s t r a c t :

Chapter 4 details the synthesis and characterisation o f  a series o f  osmium(lI) 

bisbipyridyl complexes based on the LLX ligands which were introduced in Chapter 3. 

The reasons fo r  synthesising the complexes are outlined in the introduction. The 

complexes were characterised using the same techniques as outlined in Chapter 3. 

Again, JH N M R  has proven a valuable tool in the determination o f  the structure o f  the 

osmium(II) complexes. As with the ruthenium(TT) complexes the rotamers complications 

are observed fo r  the LL4, LL5 and LL6 complexes. This is not discussed in as much 

detail here, as it has been well documented fo r  the ruthenium(II) complexes. The 

complexes exhibit typical osmium(II) absorption and emission behaviour. However, 

interestingly, the [Os(bpy)2(L L l)f2+ complex exhibits photochemistry in M eCN which 

appears to defeat one o f  the main reasonsfor the synthesis o f  the osmium(II) complexes. 

As in the case o f  the ruthenium(II) complexes, the electrochemistry is complicated by the 

electron rich LLX ligands. A s expected the metal centred oxidation potentials appear at 

potentials roughly 0.4 V less positive than the analogous ruthenium(7I) complexes.
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4 .1  I n t r o d u c t i o n  t o  C h a p t e r  4

It was decided to synthesise these osmium complexes for several reasons. A very 

important feature of osmium(II) complexes is that the metal-nitrogen bond distances are 

very similar to those found for the analogous ruthenium(II) complexes.1,2 This means 

that the differences between steric and solvation effects should be very small for the 

ruthenium and osmium complexes, allowing easy comparison of the two systems. The 

lanthanide contraction results in surprisingly short osmium-nitrogen bond distances. 

This is because the 4f orbital is filled before the 5d orbital, but as the 4f electrons are 

very diffuse, the 5d electrons are not effectively screened from the nuclear charge, 

causing their average distance from the nucleus to lessen. This leads to average metal- 

ligand bonds to be very similar for both second and third row metal ions. ’

The chemistry of osmium polypyridyl complexes differs from that of ruthenium 

polypyridyl complexes in four main ways. Firstly, the oxidation potentials of osmium(II) 

compounds are generally lower than those of the analogous ruthenium compounds. This 

means that higher oxidation states of osmium complexes are more stable. Secondly, the 

lower oxidation potentials mean that the luminescent 3MLCT states are lower than those 

of the corresponding ruthenium compounds. Thirdly, the metal-ligand interaction is 

stronger for osmium than for ruthenium due to the larger ligand field splitting. Reactions 

of osmium with ligands are slower than for ruthenium.4 Finally, complexes of osmium 

tend to be more photochemically stable as a consequence of the higher lODq for Os, 

which raises the energy of the low lying dd states preventing significant population at 

room temperature.

The increased spin-orbit coupling associated with third row transition elements opposed 

to second row elements leads to greater mixing of the singlet and triplet states. Formally 

forbidden transitions may be observed for osmium compounds that are not present for 

ruthenium compounds. The best example of this is probably the (dra—Mr*) 3MLCT
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absorption band which is very weak for [Ru(bpy)3]2+ but is quite intense for 

[Os(bpy)3]2T. This will be discussed in more detail at a later stage in this chapter.

The ligands being used to synthesise the osmium(II) complexes are the same as those 

used in Chapter 3. It is expected that, as in the case of the ruthenium(II) complexes, the 

properties of the free ligands will need to be examined in conjunction with the properties 

of the complexes to best explain the observations. The approach used is therefore going 

to be the same as in Chapter 3, and the ligands with which reference is made have 

already been detailed in Chapter 3.1.

4 . 2  S y n t h e s i s  o f  t h e  [ O s ( b p y ) 2( L L x) ] ( P F 6) 2 c o m p l e x e s  

Synthesis of c/.v- [Os (bpy )2CI2].2H2O 5

K2OSCI6 (3 OOmg, 6.2x10"4 mol) and 2,2' bipyridine (203mg, 1.3x10"3 mol) were refluxed 

in 3 cm3 ethylene glycol with constant stirring. The resulting solution was allowed to 

cool to room temperature and 5cm3 of a saturated aqueous solution of sodium dithionite 

(Na2S2C>4) was added. The solid which formed was isolated by filtration and washed 

with water until the filtrate was colourless. The solid was further washed with 

diethylether and placed in a dessicator overnight to yield 298mg of product. (79% yield)

Synthesis of [Os(bpy)2(LLl)](PF6)2 H2O
LL1 (55mg, 2.8x1 O’4 mol) and [0 s(bpy)2Cl2].2H20  (171mg, 2.8x1 O'4 mol) were placed 

in 15cm'3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at reflux 

for 24 hours and allowed to cool to room temperature. The solution was filtered at this 

stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M K N O 3  buffer) to yield 136 mg of pure 

compound. (49%)
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:H NMR (400 MHz, ¿¿-acetone) 5 -  7.11 (dd, 1H), 7.21 (dd, 1H), 7.45 (m, 5H), 7.75, 

(d,lH), 7.94 (m, 5H0, 8.03 (dd, 2H), 8.10 (d, 1H), 8.17 (d, 1H), 8.36 (m, 2H), 8.44 (d, 

1H), 8.50 (d, 1H), 8.78 (m, 4H).

Elemental Analysis for C32H27N7OSOP2F12: Calculated C 38.20, H 2.59, N 9.75. Found 

C 38.30, H 2.38, N 10.07%.

Synthesis of [0s(<^-bpy)2(LLl)](PF6)2.4H20

LL1 (25.2mg, 1.28xl0'4 mol) and [0 s(dg-bpy)2Cl2].2H20  (78mg, 1.28xl0'4 mol) were 

placed in 15cm"’ of a 1:1 ethylene glycol/water mixture. This suspension was heated at 

reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer) to yield 62 mg of pure 

compound. (48% yield)

!H NMR (400 MHz, ¿/¿-acetone) 6 = 6.97 (dd, 1H), 7.06 (dd, 1H), 7.29 (dd, 1H), 7.60 (d, 

1H), 7.79 (dd, 1H), 8.22 (m, 2H), 8.30 (d, 1H), 8.36 (d, 1H).

Elemental Analysis for C32H31N7OSO4P2F12: Calculated C 35.71, H 2.70, N 9.11. Found 

C 35.84, H 1.93, N 8.70%.

Synthesis of [Os(bpy)2(LL2)](PF6)2
The LL2 ligand (20mg, 9.5xl0‘5 mol) and [0 s(bpy)2Cl2].2H20 (58mg, 9.5xl0‘5 mol) 

were placed in 15cm 3 of a 1:1 ethylene glycol/water mixture. This suspension was 

heated at reflux for 24 hours and allowed to cool to room temperature. The solution was 

filtered at this stage to remove any excess unreacted ligand. A solution of aqueous
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ammonium hexafluorophosphate was added to the filtrate to precipitate a brown/green 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer) to yield 59 

mg of pure product. (62% yield)

'H NMR (400 MHz, ¿/¿-acetone) 8 = 7.11 (m, 3H), 7.30 (m, 4H), 7.68 (m, 2H), 7.73 (d, 

1H), 7.82 (m, 6H), 7.97 (m, 2H), 8.55 (d, 1H), 8.64 (m, 4H), 9.07 (d, 1H), 1.79 (s, 3H).

Elemental Analysis for C33H27N7OSP2F12. Calculated C 39.57, H 2.72, N 9.79. Found C 

39.53, H 2.64, N 9.77%.

Synthesis of [Os(bpy)2(LL3)](PF6)2
LL3 (32mg, 1.64x10"* mol) and [0 s(bpy)2Cl2].2H20 (lOOmg, 1.64xl0‘4 mol) were 

placed in 10cm'3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at 

reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M K N O 3  buffer) to yield 123 mg of pure 

compound. (76%)

*H NMR (400 MHz, ¿/¿-acetone) 5 = 7.39 (dd, 1H), 7.48 (m, 4H), 7.55 (dd, 1H), 7.80 

(dd, 1H), 7.88 (d, 1H), 8.06 (m, 10H), 8.80 (m, 5H), 9.36 (d, 1H).

Elemental Analysis for C3iH24NsOsP2Fi2. Calculated C 37.66, H 2.45, N 11.33. Found C 

37.52, H 2.01, N 10.34%.
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Synthesis of [Os(bpy)2(LL4)](PF6)2-H20
LL4 (71mg, 2.46xl0'4 mol) and [0 s(bpy)2Cl2].2H20  (150mg, 2.46xl0"mol) were 

placed in 15cm'3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at 

reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M K N O 3  buffer) to yield 175mg of pure 

compound. (66% yield)

*H NMR (400 MHz, i/6-acetone) 5 = 6.36 (d, 1H), 6.53 (dd, 1H), 6.71 (m, 2H), 6.79 (d, 

1H), 6.92 (m, 2H), 7.14 (m, 7H), 7.47 (m, 12H), 7.62 (m, 3H), 7.69 (d, 1H), 7.90 (m, 

11H), 8.07 (d, 1H), 8.32 (m, 3H), 8.67 (m, 11H), 9.22 (s, 1H), 10.40 (s, 1H).

Elemental Analysis for C38HMN7OSOP2F12. Calculated C 42.27, H 2.71, N 9.08. Found 

C 42.67, H 2.70, N 9.50%.

Synthesis of [Os(bpy)2(LL5)](PF6)2.((CH3)2CO)

LL5 (70mg, 2.05x1 O'4 mol) and [0 s(bpy)2Cl2].2H20  (127mg, 2.05x1 O^mol) were 

placed in 15cm'3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at 

reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M K N O 3  buffer). Further purification was 

carried out and this complex was recrystallised from acetone/water to yield 160mg of 

pure compound. (69% yield)
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'FI NMR (400 MHz, ¿/¿-acetone) 8 = 6.62 (m, 1H), 7.09 (m, 2H), 7.17 (m, 5H), 7.26 (m, 

1H), 7.37 (m, 4H), 7.49 (m, 7H), 7.61 (m, 2H), 7.75 (m, 8H), 7.86 (m, 1H), 7.96 (m, 

10H), 8.15 (m, 2H), 8.43 (m, 2H), 8.72 (m, 11H).

Elemental Analysis for C41H33N7OSOCI2P2F12. Calculated C 41.34, H 2.77, N 8.23. 

Found C 41.65, H 2.44, N 8.90 %.

Synthesis of [Os(bpy)2(LL6 )](PF6)2.((CH3)2CO)
LL6 (54.3mg, 1.64x10"* mol) and [0s(bpy)2Cl2].2H20  (lOOmg, 1.64x1 O'4 mol) were 

placed in 15cm"3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at 

reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase: alumina, mobile 

phase: acetonitrile) and recrystallised from acetone/water to yield 55mg of pure 

compound. (30 % yield).

JH NMR (400 MHz, ¿/¿-acetone) 8 = 8.69 (m, 11H), 8.45 (d, 1H), 8.30 (d, 1H), 8.22 (d, 

1H), 8.07 (d, 1H), 7.96 (m, 9H), 7.80 (m 2H), 7.55 (m, 16H), 7.08 (m, 7H), 6.88 (m, 

3H), 6.75 (d, 1H), 6.05 (s, 1H), 3.79 (s, 3H), 3.67 (s, 3H), 3.65 (s, 3H), 3.29(s, 3H).

Total = 54 aromatic protons, 12 aliphatic.

Elemental Analysis for C 43H 39N 7O 3O SP2F12. Calculated C 44.54, H 3.63, N 7.91. Found 

C 44.48, H 3.07, N 9.06.

Synthesis of [Os(bpy)2(LL8 )](PF6)2.H2O.CH3CN

LL8 (52 mg, 1.97xl0‘4 mol) and [0 s(bpy)2Cl2].2H20  (120 mg, 1.97xl0'4 mol) were 

placed in 15cm'3 of a 1:1 ethylene glycol/water mixture. This suspension was heated at
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reflux for 24 hours and allowed to cool to room temperature. The solution was filtered at 

this stage to remove any excess unreacted ligand. A solution of aqueous ammonium 

hexafluorophosphate was added to the filtrate to precipitate a brown/green product. This 

product was isolated by filtration, washed with water and dried with diethylether. The 

compound was purified by column chromatography (stationary phase silica gel, mobile 

phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer) to yield 152 mg of pure 

compound. (73%)

*H NMR (400 MHz, ¿/¿-acetone) 5 = 8.84 (d, 1H), 8.77 (m, 2H), 7.96 (m, 4H), 7.68 (d, 

1H), 7.44 (dd, 1H), 7.36 (dd, 1H), 7.09 (m, 2H).

Elemental Analysis for C38H35N9O1OSP2F12. Calculated C 42.61, H 3.18, N 11.77. 

Found C 42.89, H 2.91, N 11.09 %.

4 .3  D i s c u s s i o n  o f  t h e  S y n t h e s i s  o f  t h e  [ O s ( b p y ) 2( L L x) ] ( P F 6)2

c o m p l e x e s :

The osmium complexes proved more difficult to synthesise than the analogous 

ruthenium complexes. Synthesis of the starting materials ci£-[0 s(bpy)2Cl2].2H20  and 

67,s-[0s(i/<rbpy)2Cl2].2H20 was carried out according to literature procedures. 5 The 

reaction proved to be problematic however with great care needed to fully reduce the 

Os(m) compound to its Os(II) species. This was achieved by stirring the reaction 

mixture with a saturated solution of sodium dithionite for 12 hours. The presence of the 

paramagnetic Os(m) species was readily identifiable by 'H NMR. It also proved 

extremely important that the product was washed properly with water to remove 

impurities after isolation. The major impurity present generally seemed to be 

[Os(bpy)3]2+. As the chloride salt of [Os(bpy);?]2r is water soluble, complete removal of 

this impurity was achieved by continuous washing of the product until the filtrate was 

colourless. The purity of the starting materials were confirmed by HPLC and *H NMR.
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Reaction of the osmium bisbipyridyl dichloride with the ligands in a 1:1 (v/v) mixture of 

ethylene glycol/water led to replacement of the chlorides, firstly by solvent molecules 

and subsequently by the ligands. The larger field splitting for osmium in comparison to 

ruthenium meant that the higher reaction temperature offered by ethylene glycol (b.p. 

197 °C) rather than ethanol (b.p. 78 °C) or methanol (b.p. 65 °C) meant ethylene glycol 

would lead to the reaction to taking place with efficiency. For the same kinetic reasons 

the reaction time was increased from typically 4 hours for the ruthenium complexes to 

24 hours for the osmium complexes. As the reaction proceeded, the deep violet colour of 

the refluxing [Os(bpy)2Cl2] solution was replaced by a black/green colour typical of a 

solvated osmium N6 complex. The solid was precipitated by exchanging the chloride 

counter ion for a PF6" counter ion. The PF6‘ complexes are soluble in many organic 

solvents but are only slightly soluble in water. This greatly eases their purification and 

characterisation. The yield of these reactions were affected by the fact that ethylene 

glycol was used in the reaction mixture. The ethylene glycol was not removed before the 

addition of the saturated aqueous solution ofNH4PF6 (due to its very high boiling point), 

and therefore while most of the desired complex precipitated as its PF6 salt, some of the 

product remained in solution and was lost in the filtrate, resulting in reduced yields.

The reactions were all monitored by HPLC. This allowed for accurate determination of 

the end point of the reaction and gave an indication as to the type of purification 

necessary. The complexes were purified by column chromatography on silica gel and a 

mobile phase of 4:1 (v/v) acetonitrile/water containing 0.05M KN03 proved to be the 

most effective. The desired complex generally eluted as the main band, was dark green 

in colour and was often preceded by a minor band which consisted of unreacted starting 

materials, i.e. free ligand and solvated osmium bisbipyridyl.

4 . 4  H P L C  A n a l y s i s  o f  t h e  [ O s ( b p y ) 2( L L x) ] ( P F 6) 2 c o m p l e x e s :

The purification of the osmium bisbipyridyl LLx complexes has been detailed in the 

experimental section (Chapter 4.2). As for the ruthenium(II) complexes, High 

Performance Liquid Chromatography (HPLC) has been an important tool in determining
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the purity o f  the desired com plexes. As before, HPLC provides the opportunity to 

analyse the progress o f  the reaction, the purity o f  the crude product, the nature o f  

impurities, and the purity o f  the desired com plex quickly and simply. Again, analysis o f  

the crude product resulted in three main peaks. The first corresponded to the uncharged 

free ligand, the second to solvated [Os(bpy)2] while the third, the main band, 

corresponded to the desired product.

The HPLC traces o f  the purified com plexes are presented in Figure 4 .1, and is followed  

by the tabulated results o f  the HPLC analysis in Table 4.1.

Figure 4.1HPLC traces o f  the purified osmium complexes.
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Compound Retention Time Compound Retention Time

(min) (min)

0s(bpy)2Cl2.2H20  1.49 Os(bpy)2(LL3)2+ 2.67

Os(bpy)2(LLl)2+ 2.01 Os(bpy)2(LL4)2+ 2.18

Os(d8-bpy)2(LLl)2+' 2.01 Os(bpy)2(LL5)2+ 2.20

Os(bpy)2(LL2)2+ 2.53 Os(bpy)2(LL6)2+ 1.81

Table 4.1 HPLC data from  osmium complexes.

As can be seen from Figure 4.1 the complexes were successfully purified by column 

chromatography and appear pure by HPLC. The analysis of the complexes by HPLC 

indicated a purity of >97% in all cases. The retention times are typical of osmium(H) 

polypyridyl complexes and are comparable to the retention time of [Os(bpy)3]2+ when 

examined under similar conditions.

The lack of variation in the retention times between the complexes containing LLx 

ligands indicate that the LLX ligand interacts little with the column, and is less important 

than the charge of the complex in determining the amount of time the compound spends 

on the column. This is fiirther illustrated on examination of the retention time of the 

neutral complex [0s(bpy)2Cl2].2H20, which was found to have a retention time of 1.49 

min which compares to times ranging from 1.80 to 2.67 minutes for the other 

compounds. This is expected as the column is a cation exchange column and therefore is 

more responsive to changes in charge than changes in the “organic” make up of the 

complexes.

As before HPLC has proven a useful starting point in the structural and purity 

determination of the complexes. This charaterisation is completed by *H NMR which is 

the topic of the next section.
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4 .5  AH  N M R  S p e c t r o s c o p y  o f  t h e  O s m i u m ( I I )  c o m p l e x e s :

As in the case of the ruthenium(II) complexes discussed in Chapter 3, 'H NMR has 

proved to be an invaluable tool in determining both the structure and the purity of the 

osmium(II) complexes which are being discussed. As in the case for the ruthenium 

analogues, complete assignment of each proton in each complex was not possible due to 

the complexity of the aromatic region of the *H spectrum. It has proved possible to 

assign all the protons of the LLx ligands for the osmium(II) complexes of LL1, LL2 and 

LL3.

The resonances of the protons of the osmium(II) bound complexes are found at higher 

field than those of the analogous ruthenium(II) bound complexes. This is due to the 

greater shielding effect experienced by the ligands in osmium complexes because of the 

relatively stronger metal d7r—»TT*(bpy) back donation compared to ruthenium. 4 (The 

Os(H) orbitals are higher in energy). This phenomenon is illustrated in Figure 4.3, 

whereby the protons of the osmium complexes appear at slightly higher field than the 

analogous ruthenium complexes. Despite this however, comparison with the spectra of 

the ruthenium analogues is possible, and therefore reference will be made to the :H 

NMR discussion in Chapter 3.5 as appropriate. The labelling of the ligand protons used 

in the assignment is the same as that used in Chapter 3 (Figure 4.2). The 'H  NMR of the 

complexes containing theLLl, LL2 and LL3 ligands can be seen in Figure 4.5.

Hd Hd Hd

LL1 LL2 LL3

Figure 4.2 Labelling o f  the protons o fL L l, LL2 and LL3 fo r  H  NMR discussion.
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P P mFigure 4.3 Illustration o f  the phenomenon where the protons o f  [Os(bpy)2(I.L I)] 

appear at slightly higher field than those o f  the analogous [Ru(bpy)2(L L l) f  complex.

Both complexes in d(-acetone.

[RU(bpy)2(L L l)]i+
[OsCbpyyLLl)]2*

The next section involves a detailed examination and assignment o f  the peaks in the XH  

NM R spectrum o f  [Os(bpy)2(LLl)](PF6)2, [Os(bpy)2(LL2)](PF6)2 and

[Os(bpy)2(LL3)](PF6)2. The spectra can be seen in Figure 4.4.
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Figure 4.4 1H NMR o f  the complexes /  Os(bpy) 2(LL 1 ) j  (PFf,) 2, [Os(bpy) 2(LL2)] (PF^ 2  and

fOs(bpy)2(LL3)](PF4) 2  in d¿-acetone.

In order for the protons of the LL1, LL2 and LL3 ligands in the osmium(II) complexes 

to be assigned accurately it was important to synthesise the complexes with deuteriated

1 6 0



Chapter 4: Synthesis and characterisation o f  a series o f[Os(bpy)2(LLx)]2+ complexes.

2,2’-bipyridyl ligands in order to remove these resonances from the proton spectra. bJ As 

in the case of the ruthenium(II) complexes, this approach in conjunction with 2D COSY 

NMR of the deuteriated complexes, and using the XH NMR spectra and assignment of 

the free ligands eased the assignment substantially. The 2D COSY NMR of [Os(Js- 

bpy)2(LLl)]2+is presented in Figure 4.5.

8 . 4  8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  1 . 2

Figure 4.5 2D COSY NMR o f  the deuterated complex [Os(ds-bpy)2(LLl)]2+ in de

acetone. This spectrum was used to assign the peaks o f  the LL1 ligand in the osmium(H)

complex.

Table 4.2 provides a significant insight into what happens to the LLx ligands upon 

coordination. It can be seen that most of the protons are shifted slightly in comparison to 

the free ligand. This is due to the altered electron density the ligand will experience 

when bonded to the metal. There is an exception however and that is in the case of the 

Hi proton. This is most likely due to the orientation of the proton, which is directed

161



Chapter 4: Synthesis and characterisation o f  a series of[Os(bpy)2(LLx)]2+ complexes.

towards one of the pyridine rings of the adjacent 2,2’-bipyridiyl rings. The ring current 

induces a diamagnetic anisotropic interaction effect which results in a large upfield shift 

(approx. lppm).4 This phenomenon has been discussed in Chapter 3.5 in more detail.

Proton Chemical Shift in ¿/¿-acetone (ppm)

[Os(bpy)2(LLl)](PF6)2 [Os(bpy)2(LL2)](PF6)2 [Os(bpy)2(LL3)](PF6)2

Ha 8.21 (8.37) No Ha No Ha

Hb 8.23 (8.38) 8.64 (7.47) 7.72 (8.50)

Ho 6.97 (6.77) 7.11 (6.72) 7.67 (8.04)

Hd 7.29 (6.99) 7.30 (6.63) 7.31 (7.50)

He 8.30(8.59) 8.55 (9.78) 7.95 (9.84)

Hf 8.18 (8.18) 8.64 (8.17) 9.23 (7.85)

Hg 7.78 (7.78) 7.97 (7.72) 7.31 (7.50)

Hh 7.14(7.14) 7.11 (7.14) 7.95 (7.14)

H 7.60 (8.62) 7.73 (8.49) 8.76 (8.78)

Table 4.2 Comparison o f  the chemical shifts o f  the LL1, LL2 and LL3 aromatic protons 

in their complexed and free  (in parenthesis) forms, measured in dr,-acetone.

It did not prove possible to deuteriate the LL1 ligand however. Several attempts to 

deuteriate the ligand were made but the conditions seem to have been too harsh and led 

to decomposition of the ligand. This has complicated the assignment of the 2,25- 

bipyridyl rings of the H NMR spectra as many of the peaks overlap.

As in Chapter 3.5 the situation for the complexes of the ligands LL4, LL5 and LL6 is 

much different. The 1H NMR spectra contain exactly double the expected number of 

protons for each of osmium complexes.

The *H NMR spectra of the LL4 ligand is as expected with 11 well defined, well 

resolved peaks visible (Figure 3.16). Without the isomérisation effect, the 'H  NMR 

spectrum of [Os(i/i-bpy)2(I ,L4)](PF&,)2 should resemble that of the free ligand for many 

of the protons. This is not the case, and the integration of the spectrum indicates the 

presence of 26 individual protons, even though only 13 protons should be present. This
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doubling of the number of signals means that even this *H NMR spectrum, which should 

be easily assigned becomes impossible to. The most important observations to make 

about the spectra of the complex involve the relative position of the proton of the OH 

group.

Proton Chemical Shift in ds-acetone (ppm)

OH in free ligand 10.99

OH in complex 10.40 9.23

Table 4.3 Comparative positions o f  the OH protons in the free  and osmium(II) complex

containing the LL4 ligand.

As in the case for the ruthenium(n) complex containing the LL4 ligand, it was verified 

that the signals were in fact due to OH groups by simply adding D20  to the lH NMR 

sample. The disappearance of both signals proved they were OH groups. This 

experiment is illustrated in Figure 4.6.

The position of these protons are slightly upfield in comparison to the ruthenium 

complex, however the principle remains the same. This effect has been discussed in 

detail in Chapter 3.5 and need not be discussed again here. The 'H NMR spectra of the 

ligand, the complex and the spectrum of the complex after the addition of D20  to the 

sample are illustrated in Figure 4.6.
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Figure 4.6 JH N M R spectra o f lL 4  ligand, [Os(bpy)2(LL4)](PF6)2 and 

[Os(bpy)2(LZ,4)](PFe) 2  with D2O in de-acetone.

The XH NMR spectra of the other complexes which exhibit this type of isomerism are 

given in Figures 4.7 and 4.8.
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ppm

Figure 4.7 !H  N M Rof[O s(bpy)2(LL5)](PF6) 2  in d6-acetone

9 8 7 6 5 4 3

ppm
Figure 4.8 'H N M R o f  [Os(bpy)2(TJ,6)](PF6) 2 in d 6-acetone
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As in the case of the ruthenium complexes of the LL5 and LL6 ligands the presence of 

the conformational isomers is evident in both of the above spectra. In the case of 

[Os(bpy)2(LL5)](PF6)2, the peak at 6.61 ppm appears to be a doublet. This peak however 

should be a singlet. (See Chapter 3, Figure 3.29).

The evidence is even more pronounced in the *11 NMR spectra of 

[Os(bpy)2(LL6)](PFô)2. Examination of the LL6 ligand, indicates that two singlets 

should be observed in the aliphatic region of the *11 NMR, integrating to three protons 

and representing the methoxy protons. As can be seen from the NMR in Figure 4.8, 

the reality is different and 4 methoxy signals, each integrating to 3 protons are clearly 

visible providing further proof of the presence of these conformational isomers.

The final complex in the series is that synthesised with the symmetrical LL8 ligand. The 

NMR of the [Os(bpy)2(LL8)](PFe)2 complex can be seen in Figure 4.9. Unlike in the 

previous three examples, no isomérisation is evident in the XH spectra of the complex, 

and due to its symmetrical nature, the spectrum has been simplified, with each signal 

representing two equivalent protons.

ppm

Figure 4.9 'H  NMR o f  the [Os(bpy)2(LL8)](PFè) 2  complex in de-acetone.
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The protons of the LL8 ligand have been assigned and are listed in Table 4.4.

Proton Chemical Shift (ppm)

Hb 7.69 (7.51)

Ho 7.08 (6.70)

Hd 7.08 (6.70)

He 8.77 (9.68)

Table 4.4 Chemical shifts o f  the LL8  ligand in the complex [Ru(hpy)2(LL8) ] 2 and as a
free ligand (in parenthesis).

Coordination has altered the electron density of the ligand. Coordination has an electron 

withdrawing or deshielding effect, and lowers the electron density of the ligand. This 

leads to most of the ligands protons being shifted downfield, with the exception of the 

He proton which experiences an upfield shift of circa 1 ppm. This is due to the change 

in orientation experienced by the ligand on coordination. In the free ligand, the He 

proton is hydrogen bonded to the free nitrogen of the pyridyl ring, however on 

coordination, this nitrogen coordinates to the metal centre, and the hydrogen bonding 

interaction is lost resulting in the large upfield shift of the He proton on coordination

4.6 UV/Vis Absorption and Emission Spectroscopy and Emission 

Luminescence Lifetimes of the Osmium(II) complexes:

As discussed in the introduction to this chapter, the photophysics of analogous 

ruthenium and osmium complexes have many similarities, but they also exhibit several 

differences. (Figure 4.10). These differences arise from the larger spin-orbit coupling of 

third-row transition elements in comparison to second row metals. This increased 

coupling results in increased mixing of the singlet and triplet states and results in 

formally forbidden transitions such as the (d7i—>7t*) 3MLCT absorption band, which is 

weak for [Ru(bpy)3]2+ but quite intense for [Os(bpy)3]2+. 8
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W avelength (nm)

Figure 4.10 Comparison o f  the absorption spectra o f  [O s(bpy)sf and [R u(bpy)if in

MeCN.

The absorption spectra of the range of compounds synthesised are presented here 

(Figures 4.11 and 4.12). The absorption spectra of the complexes show only slight 

differences between the different complexes of the series.

i
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W a v e le n g th  (nm )

Figure 4.11 Absorption spectra o f  the complexes [Os(bpy)2(LLl)](PF6)2 

(black),[Os(bpy)2(LL2)](PF6) 2  (red) and[Os(bpy)2(LL3)J(PF6) 2 (blue) inMeCN.

W avelength  (nm)

Figure 4.12 Absorption spectra o f  the complexes [Os(bpy)2(LL5)](PF6)2 

(black), [Os(bpy)2(LL4)](PF6) 2 (red), [Os(bpy)2(LL6)](PF6) 2 (green) and 

[Os(bpy)2(LL8)](PF<$2 (blue) inMeCN.
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Figure 4.13 shows a comparison of the absorption spectra of the complexes 

[Os(bpy)2(LLl)]2+ and the free LL1 ligand. As well as the normal bipyridyl centred (LC) 

bands (Â ax at circa 290 nm) a new absorption band in the region 320 nm to 400 

nm has appeared. Comparison of this band to the free ligand shows that this band may 

be attributed to the introduction of the ligand into the complex and that this band may be 

attributed to ligand centred (LC) n->n* transitions on the LL1 ligand. This pattern is the 

same for each of the osmium complexes.

Wavelength (nm)

Figure 4.13 Comparison o f  the absorption spectra o f  the complex [Os (bpy)2(LL l ) ] 2

and the free LL1 ligand in MeCN.

Replacement of the ruthenium(II) metal centre with osmium(II) causes a shift to lower 

energy of the MLCT absorption bands. This has been observed for other systems, and is 

due to the higher energy of the osmium 5d orbitals, compared to the ruthenium 4d 

orbitals. 9 Osmium complexes contain absorption bands which are not present in the
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absorption spectra of the ruthenium analogues in the range 600-660 nm.10 Table 4.5 lists 

the data from the spectroscopic investigations of the osmium(ET) complexes containing 

LLx ligands.

For osmium(II) polypyridyl complexes, the room temperature excited state properties 

are determined by a series of three low energy Boltzmann populated MLCT states. 

These states have considerable triplet character and behave kinetically as a single state.11

All the complexes exhibit room temperature emissions in acetonitrile. The emission 

maxima of the osmium complexes occur at lower energy than that of [Os(bpy)3]2+ with 

the exception of the complex containing the LL3 ligand. It appears that the exchange of 

the imidazo ring for a triazo ring has the effect of reducing the cr-donating ability of the 

LLx ligand. In general however, as in the case of the ruthenium(II) complexes the 

emission at lower energy is indicative of the LLx ligands having stronger a-donating 

ability in the osmium complex than 2,2’-bipyridyl. As before, this leads to an increase of 

electron density on the metal (relative to [Os(bpy)3]2+), which causes a decrease in the 

t2g-3MLCT energy gap, and therefore a lowering of the emission energy, i.e. a red shift 

in the emission maxima.

The emission maxima of the osmium complexes occur at lower energy than those of the 

analogous ruthenium(II) complexes. This is as expected and this observation is in 

agreement with the lower oxidation potentials observed for the osmium complexes in 

comparison with their ruthenium counterparts. As already observed, this is due to the 

energy difference between the metal t2g and bpy 7r* orbitals, which is smaller for 

osmium than ruthenium which in turn means the energy of the MLCT transitions will be 

lower.
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Compound Absorption Emission

Amax (nm) s x 1 O'4 

(M'1cm’1)

Xniax (nm) 
298K

Amax (nm)

77K

[Os(bpy)3]2+ 640 __ . 725 712

[Os(bpy)2(LLl)]^ 488 1.46 753 730

609 0.41

[Os(bpy)2(LL2)]2+ 485 1.34 753 728

622 0.60

[Os(bpy)2(LL3)]2+ 475 1.54 718 693

567 0.69

[Os(bpy)2(LL4)]2+ 489 1.53 769 731

599 0.60

[Os(bpy)2(LL5)]2+ 486 1.69 751 726

589 0.59

[Os(bpy)2(LL6)]2+ 488 1.20 764 731

595 0.41

[Os(bpy)2(LL8)]2+ 486 1.39 782 760

655 0.65

Table 4.5 Absorption and emission data o f  the [ Os(bpy) 2(LLJ]2+ complexes. 

Measurements performed in acetonitrile except fo r  those at 77K which were performed

in butyronitrile.

The room temperature emission spectra of the osmium(II) bisbipyridyl complexes are 

given in Figures 4.14 and 4.15.
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Wavelength (nm)

Figure 4.14 Room temperature emission spectra o f  the [ Os(bpy) 2(L L l) f  \  

[Os(bpy)2(L L 2 )f+, [Os(bpy)2(LL4)]2+, and [Os(bpy)2(LL5)]2+complexes inMeCN. 

Emission spectra measured at the maxima o f  absorbance.

Wavelength (nm)

Figure 4.15 Room temperature emission spectra o f  the [Os(bpy)2(LL3)]2+, 

[Os(bpy)2(LL6) ] 2+, [Os(bpy)2(LL8) ] 2+, and [Os(bpy)3] 2+complexes inMeCN. Emission 

spectra measured at the maxima o f  absorbance.
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At 77K, all the complexes exhibit strong emission showing a vibrational structure. This 

vibrational fine structure has been attributed to relaxation via 2 ,2 ’-bipyridine-based 

vibrations 12 and is common for both ruthenium and osmium complexes. As discussed in 

Chapter 3, cooling to 77K leads to a blue shift in the emission maxima of the complexes. 

13 This shift is due to a phenomenon known as “rigidchromism” and has been discussed 

in Chapter 3.8. Illustrative low temperature emission spectra are presented in Figure 

4.16.

Wavelength (nm)

Figure 4.16 Typical emission spectra o f  the [Os(bpy)2(LLx) f + complexes at 77K in 
butyronitrile. Spectra have been normalised fo r  comparison.

The luminescent lifetimes of the osmium complexes have also been determined. The 

results are collated in Table 4.6.
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Compound 298K,

aerated

298K,

deaerated
77K

r(ns) t  (ns) T (ns)

[Os(bpy)3]2+ — 62 940

[Os(bpy)2(LLl)]2+ 29 34 856

[O s(^bpy)2(LLl)]2+ 39 56 2254

[Os(bpy)2(LL2)]2+ 28 37 864

[Os(bpy)2(LL3)]2+ 46 71 1350

[Os(bpy)2(LL4)]2+ 21 24 842

[Os(bpy)2(LL5)]2+ 31 37 853

[Os(bpy)2(LL6)]2+ 23 26 783

[Os(bpy)2(LL8)]2+ 16 18 470

Table 4.6 Emission data fo r  the [Os(bpy)2(LLx)]2+ complexes. Measurements at 298K in

MeCN, at 77K in butyronitrile.

The results of both the room temperature and low temperature lifetime data of the 

osmium complexes are comparable to those of the “parent” [Os(bpy)3]2+. The lifetime of 

MLCT excited states of both ruthenium and osmium polypyridyl complexes in fluid 

solution are expected to be dominated by non-radiative processes. 14 The energy gap law

15 predicts that the rate of non-radiative decay should increase as the gap between the 

ground and excited state decreases. This means that complexes with low energy bands 

are generally weakly emitting and have short-lived excited state.16

As in the case of the ruthenium complexes, the luminescent lifetime study has been used 

to aid in the characterisation and location of the excited state. The use of the selective 

deuteration of moieties within the molecule and the examination of the effect this 

selective deuteration has on the lifetime of the complex has been discussed in relation to 

the ruthenium complexes (Chapter 3.8) whereby deuteration reduces both the amplitude 

and the frequency of C-H vibrational modes and therefore C-D vibrations are of a lower
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frequency and amplitude than the equivalent C-H vibrations which results in an increase 

in the observed lifetime of the electronically excited state. 6 As in the analogous 

ruthenium complexes, the bipyridyl ligands have been deuterated and the effect this has 

on the lifetime of the [Os(bpy)2(LLl)]2' complex was examined. It was observed that 

the lifetime in deaerated MeCN increased from 34 ns for the undeuterated complex to 62 

ns for the deuterated analogue. This is an increase of over 80%. The effect deuteration 

had on the lifetime of the complex at 77K was even more pronounced with the lifetime 

increasing from 850 ns to 2250 ns in butyronitrile, an increase of over 250%. An 

increase was observed also in the case of the lifetimes in aerated MeCN, however this 

results may prove unreliable as quenching by oxygen may have a greater effect on the 

lifetime than deactivation of the excited state by C-H vibrations.

A relationship can be established between the photophysical data and the 

electrochemical potentials 17 In a MLCT process, an electron is removed from the filled 

metal orbital to an empty ligand orbital (d7i—>7i*). Oxidation is also the removal of an 

electron from the d-orbitals and in the case of reduction, an electron is transferred to the 

lowest unoccupied molecular orbital (LUMO) of the complex. This also helps to explain 

what happens in an MLCT process. By determining the LUMO using electrochemical 

means, this information may be used to elucidate the nature of the emissive state. From 

the electrochemical measurements achieved for the mixed ligand complexes, the first 

two reduction potentials appear to be directed to the two 2 ,2 ’-bipyridyl ligands, 

indicating that the n* levels of the 2 ,2 ’-bipyridyl ligands are lower in energy than those 

of the new ligand. It is expected therefore that for the mixed ligand complexes that the 

observed emission is bipyridyl-based. This is discussed further in Chapter 4.8.

These observations allow us to locate the 2,2’-bipyridyl ligand as the location of the 

excited state. This is as expected and agrees with the observations made for other 

polypyridyl osmium complexes containing o- donating ligands where the excited state 

has been located on the bipyridyl ligands rather than on the a- donating ligands.
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4 . 7  P h o t o c h e m i s t r y  o f  t h e  o s m i u m ( I I )  c o m p l e x e s

The previous section has detailed the photophysical properties of a series of polypyridyl 

complexes of osmium(II) which, as expected, are closely related to those of the 

analogous ruthenium complexes discussed in Chapter 3. In general, a major difference 

does exist between osmium and ruthenium complexes, and that is in terms of
18 19 20photochemical instability towards ligand loss. ’ ’ As already explained, for 

[Ru(bpy)s]2+ and related complexes, thermal population of low-lying dd states reduces 

the excited state lifetimes, and leads to decomposition of the complex by loss of ligands. 

21,22 ,23,24  ligand loss photochemistry compares to a remarkable lack of

photochemistry observed for osmium polypyridine complexes. This photochemical 

stability is a consequence of the higher lODq for Os, which raises the energy of the low 

lying dd states preventing significant population at room temperature. This is not to say 

that photosubstitution has not been observed for osmium complexes. For the complex 

[Os(bpy)2(Me2SO)2j? , 18 where the high energy emitting MLCT state(s) may approach 

the dd state in energy this has been observed, as for certain terpy complexes of Os where 

the terpy ligand causes mixing of the d7i and da* orbitals. Most interestingly it is 

believed that photosubstitution could occur from the MLCT states containing weak a 

donor ligands. 18 The results of the experiments to examine photochemistry of the 

[Os(bpy)2(LLl)]2+ complex in MeCN are presented in Figure 4.17.
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Figure 4.17 Results o f  the study to examine the photochemistry o f  the [ Os(bpy)2(L L l) f

complex in MeCN.
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As can be seen from Figure 4.17, the complex [Os(bpy)2(LLl)]2+ in MeCN surprisingly 

exhibits photochemistry. As in the case of the ruthenium(ll) complexes, the 

photochemical properties of the ligand must be considered. This proved of vital 

significance while examining the photochemistry of the ruthenium complexes, and it is 

of even more significance now. The photochemistry of the LL1 ligand has previously 

been described in Chapter 3.9, Figure 3.46, and similar changes were observed in the 

ligand centred transitions for the ruthenium complex. This is also the case for the 

analogous osmium complex. The UV spectrum changes in several ways. The 7i-7r*(bpy) 

bands at 280 -  290 nm lose some intensity but are not significantly shifted on 

irradiation. The bands in the region from 310 -  400 nm, which have been assigned as 7t- 

tt*(LL1) transitions for the ruthenium complex by comparison with the free ligand and 

also using molecular mechanics to predict the electronic structure and therefore by 

extension as %-%* transitions in the osmium complexes collapse to half their original 

intensity. The MLCT band at 485 nm is red shifted to 502 nm and the d7r—>7r* bpy 

MLCT between 600 -  660 nm disappear.

The photochemistry of the [Os(bpy)2(LL3)]2+ complex has also been examined. No 

noticeable photochemistry from the complex was observed in the time scale of the 

experiment.

Compound Photochemistry

LL1 ligand Y e s

[Ru(bpy)2(LLl)]2+ Y e s

[Os(bpy)2(LLl)]2+ Y e s

LL3 ligand N o

[Ru(bpy)2(LL3 )]2+ Y e s

[Os(bpy)2(LL3)]2+ N o

Table 4.7 Compounds examined fo r  exhibition o f  photochemistry.
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From Table 4.7 it can be seen that each of the LL1 compounds exhibits photochemistry, 

as does the ruthenium(II) LL3 complex. Neither the LL3 ligand nor the osmium 

complex containing the LL3 ligand exhibit photochemistry. This seems to indicate that 

the ruthenium complexes exhibit photochemistry whether the ligand is responsible for 

this process or not. Basically, two photochemical process are possible, the first due to 

population of the ~’MC state leading to lengthening of the Ru-N bonds causing the bonds 

to break 25 and the second due to the photochemistry of the LLX ligand itself The 

photochemistry of the osmium complexes is dependent solely on the LLX ligand as 

population of the 3MC level is not possible. If the LL* ligand exhibits photochemistry, 

the corresponding osmium complex also exhibits photochemistry, as in the case of the 

LL1 ligand. If, as for the LL3 ligand, the ligand is photochemically stable, the osmium 

complex is also photostable.

4.8 Electrochemistry of osmium (II) complexes:

The electrochemistry of the ligands has been reported in Chapter 3.10, and as in the case 

of the ruthenium(II) complexes it has proved necessary to first understand the properties 

and characteristics of the ligands before the voltammograms of the complexes can be 

assigned. The electrochemistry of the ruthenium(H) complexes has been examined and 

described in detail in Chapter 3.10 and much of the discussion contained within that is 

valid by extension to the discussion of the osmium(II) complexes. As in the case of the 

ruthenium complexes several oxidation waves are observed in the potential window of 

the experiments. As expected the oxidation potentials of the Os(II)/Os(m) couple is 

approximately 400mV lower than for the Ru(1I)/Ru(llI) couple in the analogous 

complexes. This has been reported in previous studies and is caused by the higher 

energy of the 5d orbitals compared to the 4d orbitals of ruthenium. 26

The oxidation and reduction potentials of the complexes are given in Table 4.8. All 

values are given vs ferrocene whereas the diagrams used to illustrate the redox waves of 

the examples given have not been corrected v.v Fc/Fc+ and therefore appear against the 

reference used in the experiment, Ag/Ag+.
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The complex [Os(bpy)3]2+ is used as a comparison for the results achieved during the 

electrochemical analysis of the compounds. It was therefore important to perform the 

electrochemistry of [Os(bpy)3]2+ under the same experimental conditions as those used 

for the other complexes, to allow for direct comparison. The results of the experiments 

on [Os(bpy)3]2+ can be found in Figure 4.18.

Potential / V vs Ag/Ag- 

Figure 4.18 Cyclic Voltammogram o f  [Os(bpy)3] 2+ inM eCNwith O.IMTBABF4.

The literature value for the Os(II)/Os(m:> couple in [Os(bpy)3]2+ is 0.45 V vs Fc/Fc+. 27 

Under the experimental conditions employed, this was found to be 0.45 V vs Fc/Fc+ 

which allows direct comparison of the results achieved for the osmium complexes being 

measured here with those of similar complexes from previously reported work was 

possible.
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Potential / V vs Ag/Ag+

Figure 4.19 Cyclic voltammogram o f  the oxidation and reduction potentials o f  the 

[Os(bpy)(LL5)]2+ complex in M eCNwith 0.1M TBABF4.

Figure 4.19 illustrates a typical cyclic voltammogram achieved for the osmium(II) 

complexes. The anodic region of the cyclic voltammogram above features a reversible 

metal-centred oxidation, while the cathodic region exhibits two clearly defined waves. 

These first two reduction waves result from the reduction of both of the coordinated 

bipyridyl ligands.

As mentioned already, as in the case of the ruthenium(13) complexes, several oxidation 

waves are observed upon scanning to +2 V vs Fc/Fc+. The diagrams on the next page are 

typical examples of these oxidation waves which can be assigned as ligand centred 

oxidations on the LLx ligands by comparison with the CVs of the free ligands (Chapter

3.10).
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Potential / V vs Ag^Ag+

Figure 4.20 Oxidation potentials o f  the complex [Os(bpy)2( L L l) f+ inM eC N  with 0.1M

TBABF4.

Potential / V vs Ag/Ag-

Figure 4.21 Oxidation potentials o f  the complex [Os(bpy)2(LL8) ] 2+ in M eC N  with 0.1M

TBABF4.
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Compound
Oxidation Potentials, Ei/2

Reduction potentials, E i/2. 

Ligand based.

[Os(bpy)3]2+ -1.66 (72)

0.44 (65) -1.85 (82) 

-2.17(80)

[Os(bpy)2(LLl)]2+ 0.38 (78) 

1.35 (irr) 

1.58 (irr)

-1.67 (65) 

-1.89 (90)

[Os(bpy)2(LL2)]2+ 0.35 (70) -1.70 (80)

1.28 (irr) -1.94 (95)

[Os(bpy)2(LL3)]2+ 0.43 (76) -1.68 (70)

1.93 (irr) -1.90 (90)

[Os(bpy)2(LL4)]2+ 0.29 (125) -1.75 (irr)

1.34 (irr) -2.09 (irr)

[Os(bpy)2(LL5)]2+ 0.39 (78) 

1.28 (irr) 

1.45 (irr)

-1.71 (80) 

-1.99 (90)

[Os(bpy)2(LL6)]2+ 0.32 (78) 

1.32 (irr) 

1.85 (irr)

-1.73 (84) 

-2.02 (90)

[Os(bpy)2(LL8)]2+ 0.25 (71)

0.67 (irr) -1.74 (70)

0.95 (irr) -2.00 (86)

1.49 (irr)

Table 4.8 Oxidation and reduction potentials o f  the [Os(bpy)2(LLx)]2+ complexes in 

M eCN with 0.1M TBABF4 in V vs Fc/Fc+.

Comparison of the electrochemical data presented in Table 4.8 with previously studied 

osmium complexes synthesised by Haga et al. 28 shows many similarities. The complex
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[0 s(bpy)2(BiBzIm)](C104)2 28 was found to have an oxidation potential of 0.28 V vs 

Fc/Fc in MeCN (0.1M TBAP) and this has been assigned as the Os(n)/Os(ni) couple. 

This compares to values of between 0.25 V and 0.44 V vs Fc/Fc' which have been listed 

in Table 4.8. What is important to note is that the metal based oxidation potential is 

lower in the case of each of the complexes relative to the [Os(bpy)3]2̂  complex. This 

result is as expected owing to the already established o-donating ability of the LLx 

ligands.

Comparison of the complex [Os(bpy)2(LL3)]2+ with the osmium complexes studied by 

Hage 4 shows similarities. In order for the comparisons to be valid, comparison must be 

made with the protonated complexes. The oxidation potential for the protonated 

complex [Os(bpy)2(Hbpt)]2+ was found to be 0.42 V vs Fc/Fc+ which compares to the 

value of 0.43 V vs Fc/Fc+ found for the LL3 complex. 4

As in the case of the ruthenium(II) complexes the electrochemistry has been studied for 

the series of compounds. The effect on the metal based oxidation potentials of the 

different substituents at the 2 ’ position of the 5 membered ring is expected to be the 

same of was found for the ruthenium complexes. Taking the simplest, unsubstituted 

[Os(bpy)2(LL l )]2 as the parent complex, its Os(n)/Os(IU) oxidation potential of 0.38 V vs 

Fc/Fc+ is compared with that of the other complexes in the series.

The LL2 ligand contains a methyl group in the 2 ’ position of the 5 membered imidazo 

ring. This slightly electron donating group should increase the electron density on the 

ligand and this in turn should lower the oxidation potential of the metal in the complex 

due to the increased ability of the LL2 ligand to push electron density onto the metal. 

The metal based oxidation potential of this complex is 0.35 V vs Fc/Fc+ which is 30mV 

lower than that of the LL1 complex which agrees with our supposition.

The metal centred oxidation potential of the [Os(bpy)2(LL4)]21 complex appears to be 

different from those observed for the other complexes in the series. The Os(II)/Os(m) 

couple appears at a lower potential than that expected, with the OH group being electron
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withdrawing, and the phenyl ring also pulling electron density from the “parent” ligand, 

and therefore it was expected that the metal should be harder to oxidise. This is not the 

case however, and the metal oxidation wave is observed at 0.29 V vs Fc/Fc+. The peak to 

peak separation was found to be 125 mV which makes the wave quasi-reversible at best.

The LL5 ligand contains electron withdrawing chlorine atoms in both the ortho and the 

para position. Again the ortho chlorine is not expected to affect the electron affinity felt 

by the phenyl ring as much as the chlorine in the para position. The complex has a metal 

based oxidation potential of 0.39 V vs Fc/Fc' which indicates that the substituted phenyl 

ring has a slightly the electron withdrawing effect in comparison to H. The LL6 ligand 

again contains a phenyl ring with two methoxy groups (ortho and meta to the binding 

site). Methoxy groups have an electron donating effect relative to H, and therefore as in 

the case of the LL2 ligand, the potential of the metal oxidation wave is expected to be 

lower than for that of the LL1 ligand. This is indeed the case with an E\a of 0.32 V vs 

Fc/Fc+ found experimentally for the complex [Os(bpy)2(LL6)]2+.

The oxidation potential observed of 0.43 V vs Fc/Fc+ for the [Os(bpy)2(LL3)]2+ complex 

was the highest found, and indicates that the triazo moiety appears to be less electron 

rich than the imidazo moiety or even the substituted imidazo moieties. The result 

indicates that the LL3 ligand is only slightly more cr-donating than the 2,2’-bipyridyl 

ligand. However as already discussed the results for this complex are comparable to 

those of previously studied osmium polypyridine triazole containing complexes. 4

For all the complexes the first two reduction potentials were the only observable 

reduction waves. These reduction waves are comparable to the first two reduction 

potentials found for [Os(bpy)3]2+ and is in agreement with the results from the lifetime 

studies of the complexes, and of the deuterated analogues, that the first two reduction 

potentials are bipyridyl based.

The final osmium(II) bis-bipyridyl complex in the series is that containing the LL8 

ligand. The LL8 ligand contains two 5 membered imidazo rings fused to a 6 membered
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pyridyl type moiety. The other LLX ligands contain only one fused conjugated system. 

The oxidation potentials of the osmium complex of the LL8 ligand can be seen in Figure

4.21. As in the case of the ruthenium(II) complexes the oxidation potential for the 

Os(n)/Os(DI) couple was found to be lower for this complex than for the other complex in 

the series (0.25 V vs Fc/Fc+).
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Chapter 5: 

The synthesis and characterisation of homo and hetero dinuclear 

complexes based on the bridging ligand LL7. 

Abstract:

The LL7 ligand is introduced in this chapter. Unlike the other LLX ligands, the LL7 

ligand provides the opportunity to coordinate two metal centres. This chapter details the 

synthesis and characterisation o f  dinuclear complexes using the bridging ligand, LL7. 

The complexes take the form  [M(bpy)2(LL7)(bpy)2] 2+ (where M  = Ru or Os). The 

synthesis o f  the ruthenium(II) monomer, the homo-nuclear Ru-Ru and Os-Os dimers and 

the hetero-nuclear Ru-Os bis-bipyridyl dinuclear complexes bridged by the LL7 ligand 

is described. The complexes have been structurally determined by elemental analysis, ]H  

NMR and in the case o f  the Ru-Ru dimer, X-Ray Analysis. The photophysical and 

electrochemical properties are also examined. The chapter concludes with an 

examination o f  the metal-metal interactions by spectroelectrochemistry.
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5.1 Introduction.

The compounds in Chapter 5 are based on the LL7 ligand (see Figure 5.1 below).

LL7 = l,4-phenylene-bis-(2-pyridyl imidazo[l,5-a] pyridine)

Figure 5.1 Pictorial representation o f  the LL7 ligand.

Unlike the LLx ligands introduced in Chapter 3 and 4, the LL7 ligand provides the 

opportunity to synthesise dinuclear complexes. The synthesis of the dinuclear complexes 

proved a relatively simple task, however the synthesis of a monomeric complex 

containing the LL7 ligand proved to be a more difficult proposition. Chapter 5.2 details 

the synthesis of the complexes and is followed by a discussion of the problems 

encountered during the synthesis and explanations of how these problems were 

overcome. Chapter 5.3 discusses the X-Ray Crystal structure obtained for the 

[Ru(bpy)2(LL7)(bpy)2Ru](PF6)4 dimer. As in the previous chapters the structural 

characterisation of this and the other complexes is completed by *H NMR. The 

photophysical, electrochemical and spectroelectrochemical properties have also been 

examined.
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5.2 Synthesis of the complexes:

The synthesis of the starting materials, C7.y-[Ru(bpy)2Cl2].2H20  and cis- 

[0s(bpy)2Cl2].xH20  have already been discussed in Chapter 3 2 and Chapter 4.2 

respectively and will not be discussed here.

Synthesis of [Ru(bpy)2(LL7)](PF6)2.2H20
The LL7 ligand (102 mg, 2.19x1o-4 mol) was heated to reflux in 300 cm'3 of a 1:1 

Et0H/H20  mixture. To this [Ru(bpy)2Cl2].2H20  (114 mg, 2.19x1 O'4 mol) in 20cm ' 

EtOH was added over 90 minutes. After 3 hours the reaction was allowed to cool and the 

EtOH was removed in vacuo. Unreacted ligand was removed by filtration. 10 cm3 of a 

saturated aqueous solution of ammonium hexafiuorophosphate was added to the filtrate 

to precipitate an orange/brown product. This product was isolated by filtration, washed 

with water and dried with diethylether. The compound was purified by column 

chromatography (stationary phase silica gel, mobile phase 80% acetonitrile, 20% water, 

O.O5MKNO3 buffer). The first orange band to elute yielded the desired product, with the 

second band containing the homonuclear dinuclear complex. The acetonitrile was 

removed in vacuo and an excess of NH4PF6 added to reprecipitate the pure product 

which was filtered, washed with cold water and diethyl ether and allowed to dry to yield 

95mg. (37%)

*H NMR (400 MHz, í/6-DMSO) 5 = 6.95 (dd, 1H), 7.24 (m, 4H), 7.44 (m, 2H), 7.60 (m, 

7H), 7.78 (d, 1H), 7.82 (d, 1H), 7.88 (m, 2H), 7.97 (d, 1H), 8.14 (m, 7H), 8.29 (d, 1H), 

8.53 (m, 5H), 8.66 (d, 1H), 8.74 (m, 3H). Total = 36 aromatic protons.

Elemental Analysis for C5oH4oNioRui0 2P2Fi2: Calculated C 50.04, H 3.17, N 11.68. 

Found C 49.45, H 3.01, N 11.19%.
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[Ru(bpy)2(LL7)(bpy)2Ru] (PF6)4 ■ 4H20
The LL7 ligand (200 mg, 4.3x10^ mol) and [Ru(bpy)2Cl2].2H20 (492 mg, 9.46xl0'4 

mol) were placed in 30 cm3 of a 1:1 EtOH/EbO mixture. This suspension was refluxed 

overnight and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. 10 cm'’ of a saturated aqueous solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer). The second 

orange band to elute yielded the desired product. The acetonitrile was removed in vacuo 

and aqueous ammonium hexafluorophosphate added to reprecipitate the pure product 

which was filtered and washed with cold water and diethyl ether and allowed to dry. 

Yield 650 mg (81% yield).

'H NMR (400 MHz, t/tf-DMSO) 5 = 6.75 (dd, 1H), 6.94 (dd, 1H), 7.24 (m, 8H), 7.43 (m, 

7H), 7.60 (m, 10H), 7.80 (d, 1H), 7.90 (d, 1H), 8.16 (m, 12H), 8.40 (d, 1H), 8.63 (m, 

6H), 8.75 (m, 4H). Total = 52 aromatic protons.

Elemental Analysis for C7oH6oNi4Ru204P4F24: Calculated C 43.43, H 2.90, N 10.13. 

Found C 43.11,H 3.08, N 10.01 %.

[Ru(^-bpy)2(LL7)(ds-bpy)2Ru] (PF6)4. 4H20
The LL7 ligand (50 mg, 1.07x1 O'4 mol) and [R u^^bpyhC hJ^^O  (127 mg, 2 .37x1 O'4 

mol) were placed in 30 cm3 of a 1:1 EtOH/HzO mixture. This suspension was refluxed 

overnight and after this time the EtOH removed in vacuo. The solution was filtered to 

remove any excess unreacted ligand. 10 cm3 of a saturated aqueous solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer). The second 

orange band to elute yielded the desired product. The acetonitrile was removed in vacuo
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and an aqueous solution of ammonium hexafluorophosphate added to reprecipitate the 

pure product which was filtered and washed with cold water and diethyl ether and 

allowed to dry. Yield 112 mg (55% yield).

}H NMR (400 MHz, ¿4-DMSO) 8 = 7.27 (m, 3H), 7.41 (d, 2H), 7.60 (m, 2H), 8.05 (dd, 

1H), 8.63 (m, 2H). Total = 10 aromatic signals, each corresponding to 2 protons.

Elemental Analysis for C70H28N14D32RU2O4P4F24: Calculated C 42.73, H 2.85, N 9.97. 

Found C 43.21, H 2.98,N  9.51 %.

[0s(bpy)2(LL7)(bpy)20s](PF6)4.4H20
The LL7 ligand (200 mg, 4.3x10^ mol) and [0 s(bpy)2Cl2].2H20  (523 mg, 9.46x1 O'4 

mol) were placed in 30 cm3 of a 1:1 ethylene glycol/H20  mixture. This suspension was 

refluxed for 72 hours. The solution was filtered to remove any excess unreacted ligand. 

10 cm3 of a saturated aqueous solution of ammonium hexafluorophosphate was added to 

the filtrate to precipitate a green/brown product. This product was isolated by filtration, 

washed with water and dried with diethylether. The compound was purified by column 

chromatography (stationary phase silica gel, mobile phase 80% acetonitrile, 20% water, 

0.05M KNO3 buffer). The second band to elute yielded the desired product. The 

acetonitrile was removed in vacuo and an excess of an aqueous solution of ammonium 

hexafluorophosphate added to reprecipitate the pure product which was filtered and 

washed with cold water and diethyl ether and allowed to dry. Yield 549 mg (62 % 

yield).

’H NM R(400 MHz, ¿/¿-acetone) 5 = 6.81 (dd, 2H), 7.06 (dd, 1H), 7.25 (m, 7H), 7.53 (m, 

13H), 7.74 (d, 1H), 7.94 (m, 14H), 8.26 (d, 1H), 8.40 (d, 1H), 8.46 (m, 2H), 8.65 (m, 

10H). Total = 52 aromatic protons.

Elemental Analysis for C70H60N14OS2O4P4F24: Calculated C 39.77, H 2.65, N 9.28. 

Found C 39.44, H 2.39, N 9.41 %.
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[0s(bpy)2(LL7)(bpy)2Ru](PF6)4.3H20
The complexes [Ru(bpy)2(LL7)](PF6)2 (97 mg, 8.3x1 O'5 mol) and [0s(bpy)2Cl2].2H20  

(51 mg, 8.3x10 5 mol) were placed in 20 cm"3 of a 1:1 ethylene glycol/H20  mixture. This 

suspension was refluxed for 72 hours. 10cm3 of a saturated aqueous solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate a green/brown 

product. This product was isolated by filtration, washed with water and dried with 

diethylether. The compound was purified by column chromatography (stationary phase 

silica gel, mobile phase 80% acetonitrile, 20% water, 0.05M KNO3 buffer). The second 

green band to elute yielded the desired product. The acetonitrile was removed in vacuo 

and an excess of an aqueous solution of ammonium hexafluorophosphate added to 

reprecipitate the pure product which was filtered and washed with cold water and diethyl 

ether and allowed to dry. Yield 90 mg after purification. (54 % yield).

'H NMR (400 MHz, ¿¿-DMSO) 5 = 6.81 (m, 2H), 7.08 (dd, 1H), 7.38 (m, 17H), 7.62 

(dd, 2H), 7.67 (d, 2H), 7.73 (d, 1H), 7.83 (d, 1H), 7.94 (m, 12H), 8.26 (d, 1H), 8.40 (d, 

1H), 8.46 (m, 2H), 8.62 (m, 10H). Total = 52 aromatic protons.

Elemental Analysis for C70H58N14R.UOSO3P4F24: Calculated C 41.85, H 2.74, N 9.76. 

Found C 42.31, H 3.16, N 9.43 %.

5.3 Discussion of the synthesis of the complexes:

The synthesis of the ruthenium(II) and osmium(IT) homonuclear dinuclear complexes 

proved a straightforward reaction of two equivalents of metal with one equivalent of the 

bridging LL7 ligand in ethanol/water and ethylene glycol/water respectively. The yield 

for the Os-Os dimer is lower due to the presence of ethylene glycol, which unlike the 

ethanol used in the reaction to make the Ru-Ru dimer is not removed before the 

precipitation of the product from the reaction mixture. Some of the desired product
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inevitably dissolves in the ethylene glycol and is not recovered. The purification of the 

dimers proved reasonably straightforward, with the product eluting as the main band.

The ease with which the homo-nuclear complexes were made contrasts with the 

difficulties experienced during the synthesis of the hetero-nuclear complex. In order to 

synthesise the mixed metal heteronuclear ruthenium-osmium dinuclear complex, either 

the [Ru(bpy)2(LL7)]2+ or the [Os(bpy)2(LL7)]2+ monomer is needed in order to use the 

“complexes as ligands” approach which was developed at the beginning of the 1990s.1'2,0 

This approach was used as it was believed the one-pot synthetic approach would have 

little success due to the different reaction rates of ruthenium and osmium relative to each 

other.

Considering the differences in reaction rates, it was believed that the osmium 

mononuclear complex would prove easier to synthesise than the analogous ruthenium 

complex as osmium is less reactive than ruthenium and therefore would be less likely to 

form the dinuclear species. This however did not prove possible, and any attempt to 

synthesise the osmium mononuclear complex resulted in the synthesis of relatively small 

amounts of the mononuclear complex in comparison to the amount of dinuclear complex 

made in the same reaction.

The reasons for the problems incurred during the synthesis of the mononuclear 

complexes were due to the insolubility of the ligand. The only solvent the ligand seemed 

to be partially soluble in was refluxing DMSO, and then dissolution needed to be aided 

by sonication. Therefore, under the reaction conditions employed, i.e. refluxing 

ethanol/water or ethylene glycol/water, the free ligand will remain undissolved until 

after it reacts with a [M(bpy)2Cl2] molecule, forming the chloride salt of the monomeric 

complex which is soluble in the reaction mixture. This complex then, because it is 

dissolved in the reaction medium has greater opportunity to react with a second 

equivalent of [M(bpy)2Cl2] leading to the formation of the homodinuclear complex, 

leaving very small amounts of the mononuclear complex in the reaction mixture. Proof 

of this theory is provided by the large amounts of undissolved free ligand present after
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any reaction to make the monomer. In order to prevent the formation of dimer, and 

therefore increase the yield of the desired monomer, several approaches were attempted.

Figure 5.2 Illustration o f  the reaction that proceeds under normal conditions.

The successful approach used a very large amount of solvent, and the ligand was 

refluxed in this before the metal was slowly added to the reaction mixture. The reaction 

was stopped shortly after the metal was added to try to prevent any further reaction of 

the mononuclear complex. This attempt proved successful, and the desired complex was 

successfully isolated by chromatography from this reaction as described.

Once the monomer had been formed the heteronuclear ruthenium-osmium dimer was 

synthesised in a 1:1 reaction between the [Ru(bpy)2(LL7)]2+ complex and

Coordination of th 
1st metal centre

Leads to coordination 
of a 2nd metal.

[Os(bpy)2Cl2] .XH2O.
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5.4 X-Ray Crystallography:

X-Ray Crystallography, and its uses in synthetic inorganic chemistry has been 

introduced and discussed in Section 3.4. In this chapter, X-Ray Crystallography has been 

used to unequivocally determine the structure of the [Ru(bpy)2(LL7)(bpy)2Ru](PF6)4 

complex. The results are presented in Figure 5.3, while selected data from this analysis 

has been collated in Tables 5.1, 5.2 and 5.3.

Figure 5.3 Pictorial representation o f  the results o f  the crystal structure analysis o f  the 

complex [Ru(bpy)2(LL7)(bpy)2Ru]4+ showing the relevant atomic numbering used. The 

PFg ions, acetone molecules and hydrogen atoms have been omitted fo r  clarity.
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Compound [Ru(bpy)2(LL7)(bpy)2Ru](PF6)4

Formula C75.lH52F24Nl4P40l.7 Ru2

M r 1959.73

Space Group P2(i )/c

Crystal Class

Unit Cell Dim ensions

M onoclinic

a /A 15.0193 (15)

b/Â 24.332 (3)

c /A 21 .8 1 0 (2 )

Volum e/ A3 7911.9

Calculated Density, D oaic, M g/m 3

Data Collection Range

1.645

H -20 to 19

K -30 to 32

I, -26 to 28

Reflections Collected 85840

Table 5.1 Summary o f  Crystal Data and Collection o f  Intensities o f  the compound

[Ru(bpy)2(LL7)(bpy)2Ru](PF5)4

Bond Lengths (A) 

[Ru(bpy)2(LL7)(bpy)2Ru]4+

R u (l)-N (7) (2 ,2 ’-bpy) 2.046 Ru(2)-N(12) (2 ,2’-bpy) 2.046

R u(l)-N (10) (2 ,2 ’-bpy) 2.053 R u(2)-N (l 1) (2 ,2’-bpy) 2.048

R u (l)-N (8) (2 ,2 ’-bpy) 2.060 Ru(2)-N(13) (2 ,2’-bpy) 2.052

R u(l)-N (9) (2 ,2 ’-bpy) 2.069 Ru(2)-N(14) (2 ,2 ’-bpy) 2.065

R u (l)-N (3) (imidazo) 2.073 Ru(2)-N(6) (pyridine) 2.079

R u (l)-N (l)  (pyridine) 2.081 Ru(2)-N(4) (imidazo) 2.084

Table 5.2 Selected Bond distances o f  [Ru(bpy)2(LL7)(bpy)2Ru]4+
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Bond Angles (degrees) 

[Ru(bpy)2(LL7)(bpy)2Ru]4+

N(7)-Ru(l)-N(l 0) 98.01 N(12)-Ru(2)-N(l 1) 78.88

N(7)-Ru(l)-N(8) 78.87 N(12)-Ru(2)-N( 13) 97.10

N(10)-Ru(l)-N(8) 85.10 N(ll)-Ru(2)-N(13) 172.85

N(7)-Ru(l )-N(9) 176.45 N(12)-Ru(2)-N(l 4) 87.64

N(10)-Ru(l)-N(9) 79.30 N(ll)-Ru(2)-N(14) 95.02

N(8)-Ru(l)-N(9) 98.52 N( 13 )-Ru(2)-N( 14) 78.82

N(7)-Ru(l )-N(3) 85.89 N(12)-Ru(2)-N(6) 92.15

N(10)-Ru(l)-N(3) 175.77 N(11)-Ru(2)-N(6) 89.10

N(8)-Ru(l)-N(3) 97.30 N(13)-Ru(2)-N(6) 97.01

N(9)-Ru(l)-N(3) 96.87 N(14)-Ru(2)-N(6) 175.76

N(7)-Ru(l)-N(l) 97.55 N(12)-Ru(2)-N(4) 169.19

N(10)-Ru(l)-N(l) 99.16 N(11 )-Ru(2)-N(4) 94.95

N(8)-Ru(l )-N(l ) 174.82 N(13)-Ru(2)-N(4) 89.91

N(9)-Ru(l)-N(l) 85.22 N( 14)-Ru(2)-N(4) 101.83

N(3)-Ru(l)-N(l) 78.62 N(6)-Ru(2)-N(4) 78.79

Table 5.3 Selected Bond angles o f  [Ru(bpy)2(LL7)(bpy)2Ru]4+.

The structure examined crystallised with 1.7 m olecules o f  acetone per unit. TheH-atoms 

o f  the solvent m olecules are omitted so the final formula has to be corrected as the H- 

atoms for the 1.7 m olecules o f  acetone have not been included. The results o f  the X-Ray 

analysis o f  the [Ru(bpy)2(LL7)(bpy)2Ru]4+ com plex is presented in Figure 5.3. Selected  

data from this analysis has been detailed in Tables 5.1, 5.2 and 5.3. As before, length o f
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the ruthenium-nitrogen bonds provide a good basis for comparison with previously 

reported structures. The length of the Ru-N (2,2’ bpy) bonds are between 2.046 —» 2.069 

A. The bond lengths of the Ru-N (LLX) bonds vary between 2.073 —> 2.084 A. These 

distances are similar to those found for the ruthenium complexes bisbipyridyl complexes 

of the LL1, LL2 and LL3 ligands as well as those of previously studied ruthenium(D)
1 4,5,6complexes.

The complex exhibits octahedral symmetry around both of the ruthenium atoms, with 

the LL7 ligand coordinated to Rul via the N1 and N3 atoms, while the LL7 ligand is 

coordinated to the Ru2 atom via the N4 and N6 atoms. Closer examination of the angles 

in the complexes exhibit deviations from the expected trans angular value of 180°. The 

N l-Rul-N 8, N3-Rul-N10 and N7-Rul-N9 angles are 174.82°, 175.22° and 176.45° 

respectively, while the trans angular bond angles around the Ru2 atom are 169.19°, 

175.76° and 172.85° for N4-Ru2-N12, N6-Ru2-N14 and Nll-Ru2-N13 respectively. 

This deviation originates from the acute bite angles of both the 2,2’-bipyridyl ligands, 

and of the bite angles of the LL7 ligand. The bite angles of the LL7 ligands in the 

complexes are 78.79° for the Ru(l)-LL7 bond and 78.62° for the Ru(2)-LL7 bond. The 

bite angles of the coordinated 2,2’-bipyidyl ligands lie between 78.82° and 79.30°. These 

values are in agreement with those found for the 2 ,2 ’-bipyridine ligands of the 

complexes discussed in Chapter 3 as well as in other ruthenium(II) complexes. 4’7,8,9

A full list of all the crystallographic data can be found in Appendix A.

5.5 *H NMR spectroscopy:

As in the case of the ruthenium and osmium complexes discussed in Chapters 3 and 4, 

'H NMR has proved to be one of the most valuable tools in the structural determination 

of these compounds. The use of NMR with 2D COSY NMR has allowed the peaks of 

the free LL7 ligand to be assigned. In order to assign the peaks of the coordinated LL7 

ligand successfully, the above techniques coupled with selective deuteriation of the 2 ,2 ’-
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bipyridyl ligands has been used. 10,11 The labels used for the protons in the ligand are 

illustrated below. In order to compare the resonances o f  the LL7 ligand to those o f the 

com plexes, the XH  NM R  o f  the com plexes was performed in ¿/¿-DMSO as the free ligand 

is insoluble in ¿/¿¡-acetone (it is only sparingly soluble in i/s-DMSO). The insolubility o f  

the ligand is evident from the baseline o f  the XH  NM R spectrum o f  the ligand even 

though the experiment consisted o f  128 scans rather than the normal 16 scans.

Figure 5.4 Labelling o f  the protons fo r  the LL7 ligand.
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L L 7  ligand
[Ru( da- b py )2(LL7)(rfs- bpy)2R u ] 4 +

fcili 1
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Figure 5.5 1H N M R o f  the LL7 ligand and the complex [Ru(ds-bpy)2(LL7)(ds- 

bpy)2Ru](PFe)4. Both in de-DMSO.

The protons of the LL7 ligand have been assigned both as the free ligand, and 

coordinated in the [Ru(i/s-bpy)2(LL7)(i/s-bpy)2Ru]4+ complex. This was done with the 

aid of 2D COSY NMR. The !H NMR of the ligand while coordinated to the metal 

centres has proven more difficult to assign than the free ligand. The 2D COSY NMR of 

both the free ligand and the deuteriated complex can be seen in Figures 5.6 and 5.7. The 

assignment of the LL7 protons are given in Table 5.4. The LL7 ligands of the 

mononuclear complex [Ru(bpy)2(LL7)]2+ have not been assigned as the deuteriated 

complex has not been synthesised.
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Figure 5.6 2D COSY NMR o f  the free  LL7 ligand in de-DMSO.

A  ..A__
7‘2" 3* * &P 7.4- ..a "
7.6 ■ J8
7.8
8.0- m m  s*
a .2 -

8.4-
0.6- 0  * -
8.8 -
9.0-

8 . 8  9 . 6  8 . 4  8 . 2  6 . 0  7 . 6  7 . 6  7 . 4  pjra

Figure 5.7 2D COSY NMR o f  the deuterated complex /  Ru(ds-bpy)2(LL7)(dg-hpy)iRu ['

in do-DMSO.
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Proton
Free LL7

Ligand

[Ru(i4-bpy)2(LL7)

(i/8-bpy)Ru]4+

Htt 8.15 (s) 7.60 (m)

Hb 8.67 (m) 7.60 (m)

Ho 6.95 (dd) 7.27 (m)

Ha 7.15 (dd) 7.27 (m)

He 8.67 (m) 8.63 (m)

Hf 8.67 (m) 8.63 (m)

Hg 7.87 (m) 8.05 (dd)

Hh 7.25 7.22 (m)

Hi 8.21 7.42 (d)

Table 5.4 Assignment o f the H  spectrum o f  the LL7 ligand protons in the free ligand

and in [Ru(d8-bpy)2(LL7)(d 8-bpy)2RuJ(PF6) 4, in di-DMSO.

It is important to note that no doubling of the number of signals for [Ru(d,r 

bpy)2(LL7)(£/s-bpy)2Ru]4+ is found. The 10 signals correspond to 20 protons with each 

signal therefore representing two protons indicating clearly that coordination of metal 

centres to both sides of the bridging ligand maintains the symmetrical nature of the 

compound.

This is further proof of the rotamers theory discussed in Chapter 3.5. The reason the 

osmium or ruthenium complexes containing the LL4, LL5 and LL6 ligands exhibit the 

rotamer phenomenon is due to the bulky nature of the substituents on the phenyl ring i.e. 

an OH group, two chloro moieties and two methoxy groups are large enough to prevent 

rotation of the phenyl ring leading it to be “locked” into one of two orientations. 

However, even though the LL7 ligand contains a phenyl ring in the 2’ position of the 

imidazo ring, rotation of the phenyl ring must be possible. Examination of the crystal 

structure indicates that the unsubstituted phenyl ring should be free to rotate.
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The majority o f  the LL7 ligands protons resonances are shifted slightly downfield on 

coordination to the metal centres. This is due to the electron withdrawing or deshielding 

effect coordination has on the electron density o f  the ligand. There is an exception to this 

however and that is in the case o f  the Hi protons. This is most likely due to the 

orientation o f  the protons, which are directed towards one o f  the pyridine rings o f  the 

adjacent 2 ,2 ’ bipyridine rings. The ring current induces a diamagnetic anisotropic 

interaction effect which results in a large upfteld shift (approx. lppm  in the case o f the 

H; proton).6 This phenomenon has been explained in Chapter 3.5 in more detail.

The *H NM R spectra o f  the undeuterated compounds becom e very complicated in the 

aromatic region. Illustrative spectra o f  the [Ru(bpy)2(LL7)]2+ monomer and 

[Ru(bpy)2(LL7)(bpy)2Ru]4+ dimer are presented below.

I l l  i

Figure 5.8 Illustrative 1 H  NMR spectrum o f  the [Ru(bpy)2(LL7)]2Jr monomer in de
acetone
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Figure 5.9 Illustrative JH N M R  spectrum o f  the [Ru(bpy) 2(LL7)(bpy)2Ru]4+ dimer in de-
acetone

Owing to the complexity of the spectra, individual assignment of the protons in the 

spectra illustrated in Figures 5.8 and 5.9 has not been possible. The monomer integrates 

to 36 protons while the dimer integrates to 52 protons. This difference is explained by 

the extra two 2 ,2 ’-bipyridyl units introduced by coordination of the second ruthenium 

centre.

The coordination of the second metal centre, as well as adding 16 more proton signals in 

the aromatic region also introduces symmetry to the complex as is evident from the 

spectrum of the deuterated complex [Ru(^bpy)2(LL7)(i4 -bpy)2Ru]4+ which has already 

been shown to exhibit symmetry (Figure 5.7 -  each signal corresponds to two protons). 

For example, examination of the region between circa 7.7 -  7.95 ppm in the spectrum of 

the Ru-Ru dimer reveals two doublets (Figure 5.9). This region in the monomer contains 

four signals (Figure 5.8). The complexity evident in the spectrum of the monomer,
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relative to the dinuclear complex provides strong evidence that the mononuclear 

complex has indeed been made.

The 'lrl NMR spectra for the Os-Os and Os-Ru dinuclear complexes exhibit the same 

characteristics as those observed in that of the Ru-Ru dimer and so will not be dwelt on 

here.

5.6 Photophysical Characterisation of the complexes:

The photophysical properties are presented and discussed in this section. In order to 

simplify the discussion, the ruthenium complexes are discussed first, the osmium 

dinuclear complexes second and finally the mixed metal Ru-Os complex is discussed. 

Unlike in the previous chapters, where the properties of the free ligands have been 

reported first, no results are reported for the ligand (LL7) owing to its lack of solubility 

in a suitable solvent. Reference is made to the properties of [Ru(bpy)3]2+ and 

[Os(bpy)3]2+. These complexes have already been discussed in relation to the monomeric 

complexes discussed in Chapters 3.8 and 4.6 and their photophysical characteristics are 

detailed there.
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Wavelength (nm)

Figure 5.10 Absorption spectra o f  the monomer [Ru(bpy)2(LL7)]2+ and the dimer 

[Ru(bpy)2(LL7)(bpy)2Ru]4+ in MeCN.

The absorption spectra o f  the two ruthenium com plexes, [Ru(bpy)2(LL7)]2+ and 

[Ru(bpy)2(LL7)(bpy)2Ru]4+, detailed above are quite similar (Figure 5.10). The visible  

regions o f  the spectra are dominated by dn-^n* MLCT transitions which are typical o f  

com plexes o f  this type. As in the case o f  the other ruthenium com plexes studied and 

detailed in Chapter 3.8, the U V  region contains the expected n—>n* (bpy) transitions 

associated with transitions on the bipyridyl ligands, and also o f  7t— (LL7)  transitions 

located on the LL7 ligand. These transitions being located at circa 290 nm and 350 nm  

respectively. As expected the absorbance spectra o f  the com plexes are red shifted with 

respect to [Ru(bpy}?]2+, indicating that as in the case o f  the other LL* ligands, the LL7 

ligand is a stronger a-donor than 2 ,2 ’ bipyridyl.
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<D
i  
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<

[Ru(bpy)3(LL7)(bpy)2Ru]4+

[Ru(bpy)2(LL7)(bpy)2Os)]++

[Os(bpy)2(LL7)(bpy)2Os]4+2.0

Wavelength (ran)

Figure 5.11 Absorption spectra o f  the complexes [Ru(bpy)2(LL7)(bpy)2R u]4+ (red

(blue trace) and  

trace) in MeCN.

trace), [Ru(bpy)2(LL7)(bpy)2Os]4+ (blue trace) and [0 s(bpy)2(LL7)(bpy)2 0 s]4+ (green

In the mixed metal complex, replacement of a ruthenium metal centre with an osmium 

metal centre leads to a shift to lower energy of the MLCT absorption bands (Figure

5.11). This phenomenon has been well documented 12 and has been described Chapter 

4.6. As in the case of the osmium monomeric LLx complexes, an additional band 

between 580 and 700 nm is visible. These bands can be assigned to formally forbidden 

d7t—>7i* (bpy) MLCT transitions.

This is true also of the homonuclear osmium complex [0 s(bpy)2(LL7)(bpy)20s]4+, 

which has bands which absorb even more strongly in this region due to the coordination 

of the second osmium bis bipyridyl unit.
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W a v e len g th  in m )

Figure 5.12 Room temperature emission spectra of[Ru(bpy)2(LL7)(bpy)2Ru]4+ (red 

trace) and [Ru(bpy)2(LL7) ] 2+ (blue trace) inMeCN.

Wavelength (nm)

Figure 5.13 Room temperature emission spectra o f  [Ru(bpy)2(LL7)(bpy)2 0 s]4+ (blue 

trace) and[Os(bpy)2(LL7)(bpy)2Os]4+ (green trace) inMeCN.
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All the com plexes exhibited room temperature em issions in acetonitrile. (Figures 5.12  

and 5.13) As with the absorption spectra the o f  the em ission spectra are red shifted

with respect to [Ru(bpy)3]2+ or [Os(bpy)3]2+. As expected, the em ission maxima o f  the 

osmium com plexes were lower in energy than the em ission maxima o f  the analogous 

ruthenium complexes. 13 The em ission spectral features o f  the heteronuclear Os-Ru 

dimer are more complicated and therefore need more careful analysis. The results are 

tabulated in Table 5.5. Comparison shows that the em ission o f  the homodinuclear 

com plexes correspond closely to the em issions observed for the mononuclear complexes 

discussed in Chapters 3 and 4.

Compound Abs oprtion, Â ax Extinction Em ission, A,max Em ission, Xmax

(nm) coefficent, s 298K  (nm) 77K  (nm)

[Ru(bpyMLL7)]2+ 290 77,250

365 36,700 628 598

454 11,350

[Ru(bpy)2(LL7) 290 129,700

(bpy)Ru]4+ 357 46,200 625 602

457 19,500

[Ru(bpy)2(LL7) 290 128,900

(bpy)Os]4+ 357 47,000 755 713

457 19,300 626 602

506 (sh) 7,700

[Os(bpy}z(LL7) 293 135,000

(bpy)Os]4+ 359 47,300
738753

484 17,890

624 7,200

Table 5.5 Absorption and emission data fo r  the complexes. A ll room temperature 

measurements carried out in MeCN. 77K emission studies carried out in butyronitrile.
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As in Chapters 3 and 4 all the com plexes exhibit a strong em ission with vibrational 

structure at 77K. 14 Cooling to 77K  leads to a blue shift in the em ission maxima o f  both 

the osmium and ruthenium centred em issions as expected .15 The em ission spectra o f  the 

com plexes at 77K  can be seen in Figures 5.14 and 5.15.

W a v e l e n g t h  ( n m )

Figure 5.14Low temperature emission spectra o f  [Ru(bpy)2(LL7)(bpy)2Ru]4+ (blue 

trace) and[Ru(bpy)2(LL7)] 2+ (red trace) in butyronitrile.

Wavelength (nm)

Figure 5.15 Low temperature emission spectra o f  [Ru(bpy)2(LL7)(bpy)£)s]4+ (blue 

trace) a n d [Os(bpy)2(LL7)(bpy)2Ûs]4+ (green trace) in butyronitrile.

213



Chapter 5: Synthesis and citaracterisation ofLL7 bridged ruthenium and osmium binuclear complexes.

Compound
Room Temperature

77K (ns)
Aerated (ns) Degassed (ns)

[Ru(bpy)2(LL7)]2+ 142 690 N/A

[Ru(bpy)2(LL7) 143 506 N/A

(bpy)2Ru]4+

[Ru(i/s-bpy)2(LL7) 155 940 N/A

(¿/(rbpy)2Ru]4"

[Os(bpy)2(LL7) 30 39 890

(bpy)20s]4+

[Os(ds-bpy)2(LL7) 33 65 1750

(¿/s-bpy)20 s]4+

Table 5.6 Single Photon Counting Lifetime Data o f  complexes [Ru(bpy)2(LL 7) f  ', 

[Ru(bpy)2(LL7)(bpy)2Ru]4+ and [Os(bpy)2(LL7)(bpy)2OsJ4+ and their deuterated 

analogues in Uvasol acetonitrile. 77K measurements in butyronitrile.

The lifetimes of the ruthenium monomer, [Ru(bpy)2(LL7)]2+ (142 ns and 690 ns) and the 

dimer [Ru(bpy)2(LL7)(bpy)2Ru]4+ (143 ns and 506 ns) in both aerated and deaerated 

MeCN correspond closely with the lifetimes of the [Ru(bpy)2(LLx)]21 complexes which 

were between 116 and 165 ns for the deaerated lifetimes and 750 and 970 ns for the 

deaerated lifetimes. The use of the selective deuteriation of moieties within the molecule 

and the examination of the effect this selective deuteriation has on the lifetime of the 

complex has been discussed in relation to the ruthenium and osmium complexes already 

(Chapter 3.8 and 4.6). The 2,2’-bipyridyl ligands have been deuteriated and the effect 

this has on the lifetime of the complexes was examined. This is illustrated in Figure 5.16 

below and recorded in Table 5.6.

214



Chapter 5: Synthesis and characterisation ofLL7 bridged ruthenium and osmium binuclear complexes.

Time (ns)

Figure 5.16 Decay profile o f  the complexes [Os(bpy)2(LL 7) (bpy)2Os ¡4+ (green trace) 

and [Os(d8-bpy)2(LL7)(ds-bpy)2Os]4+ (blue trace) a t 77K (in butyronitrile).

Deuteration of the bipyridyl ligands leads to a lengthening of the lifetime of the Ru-Ru 

dimer from 506 to 940 ns (185%) in deaerated MeCN and from 39 to 65 ns (166%) for 

the Os-Os complex in MeCN. The lifetimes of the Os-Os dimer at 77 K in butyronitrile 

show greater differences with the non deuterated complex having a luminescent lifetime 

of 890 ns. This is increased to 1750 ns on deuteration of the bipyridyl moieties. (Figure 

5.16) As in the case of the monomers (Chapters 3 and 4) this indicates strongly that the 

excited state lies on the bipyridyl units and not on the LL7 ligand. This supposition is 

backed-up by the observed reduction potentials of the complexes. (Section 5.6)

The emissive properties of the mixed metal complex [Ru(bpy)2(LL7)(bpy)20s]4+ (Ru- 

Os) are more complicated than those of the homonuclear osmium(II) or ruthenium(Il) 

dinuclear complexes. The luminescence spectra of the Ru-Os complex at room 

temperature and at 77K can be seen in Fig. 5.13 and Fig. 5.15 respectively. In both cases
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there appears to be a dual emission. At room temperature, a strong emission at 626 nm is 

observed, while the emission at lower energy, i.e. circa 755 nm appears as a shoulder on 

the low energy side of the stronger emission. These may, by comparison with the data 

for both the ruthenium mono- and dinuclear complexes and the osmium dinuclear 

complex, be assigned as a ruthenium(II) emission and an osmium(II) emission. The Ru 

based component is the stronger of the two. The situation is the same at 77K. The strong 

ruthenium emission is centred at 602 nm. The osmium centred emission once again 

appears as a shoulder on the low energy side of the ruthenium emission. Exact location 

of the Xmax is more difficult, but this emission appears to be centred at 713 nm. Both 

osmium and ruthenium emission have been blue shifted with respect to the room 

temperature values.

Dual luminescence is not uncommon. Barigelleti and coworkers have reported dual

emission for rodlike Ru(II)/Os(II) dinuclear complexes where the bridging ligand

contains dipyridylbenzene fragments separated by phenylene spacers. 16,17 De Cola et al.

have shown that Ru/Os dimers separated by rigid bicyclooctane spacer show dual
18luminescence behaviour.

Excitation at 620nm Excitation at 75 Onm
Compound

(ns) (ns)

Aerated Degassed Aerated Degassed

143 530
144 520

31 41

Table 5.7 Single Photon Counting Lifetime Data o f  the complex 

[Ru(bpy)2(LL 7)(bpy)2Osj4+ in Uvasol acetonitrile.

The luminescent lifetime data of the mixed metal Ru-Os complex has been tabulated in 

Table 5.7. Both aerated and deaerated experiments were measured in the maxima of the 

Ru centred emission and the Os centred emission. As can be seen from Table 5.6,



Chapter 5: Synthesis and characterisation ofLL7 bridged ruthenium and osmium binuclear complexes.

measuring in the Ru centre results in a single lifetime corresponding to emission from 

the Ru centre. The lifetimes are comparable to those of the ruthenium LL7 monomer and 

dimer. Measuring at 750 nm leads to a dual emissive behaviour. The lifetime of the Ru 

component is almost the same when recording at 620 nm, while a shorter lifetime of 31 

ns and 41 ns (in aerated and deaerated respectively) corresponding to emission from the 

osmium centre are also observed.

Comparison of the results of the luminescence lifetime data achieved for the mixed 

metal Ru-Os dinuclear complex with the lifetimes found for the homodinuclear Ru-Ru 

and Os-Os complexes provide information on the metal-metal interaction. In the Ru-Os 

dimer the lifetime of the emission corresponding to the ruthenium centre is measured as 

being circa 143 ns in aerated MeCN or 520 ns in deaerated MeCN. This compares to 

lifetimes of 142 ns and 690 ns found for the [Ru(bpy)2(LL7)]2+ complex and 143 and 

506 ns found for the [Ru(bpy)2(LL7)(bpy)2Ru]4+. The lifetime of the emission 

corresponding to emission from the osmium centre of the mixed metal complex is 31 ns 

and 41 ns aerated and deaerated respectively. This compares to the lifetimes of the 

[0 s(bpy)2(LL7)(bpy)20s]4+ dinuclear complex of 30 ns and 39 ns aerated and deaerated 

respectively. The similarities between the lifetimes of the emissions from both metal 

centres in the heteronuclear Ru-Os complex to those of the homonuclear Ru-Ru and Os- 

Os complexes indicate that there is little interaction between the metal centres, even in 

the mixed metal species.

5.7 Electrochemistry of the complexes:

As with the electrochemistry of the monomeric complexes discussed in both Chapter 

3 .10 and 4.8, the electrochemistry of the ruthenium(II) and osmium(II) complexes of the 

LL7 ligand is not as straightforward as could be expected, and careful study and several 

experiments have been necessary to understand and be able to describe more fully the 

electrochemical processes at work.
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The complexes [Ru(bpy)3]2+ and [Os(bpy)3]2+ have again been used for comparisons’ 

sake. The cyclic voltammograms of these “parent” complexes have already been 

described in Section 3.11 and Section 4.8 and will not be discussed again here. 

Unfortunately, the electrochemistry of the free ligand could not performed due to the 

insolubility of the ligand in a suitable solvent. The results of the electrochemical analysis 

are listed in Table 5.8.

Compound Oxidation Reduction

[Ru(bpy)2(L L 7)f 0.79 (93) -1.67

1.42 (irr) -1.92

[Ru(bpy)2(LL7)(bpy)2Ru]4+ 0.79 (85) -1.63

1.10(67) -1.84

[Os(bpy)2(LL7)(bpy)2Os]4+ 0.43 (74) -1.58

0.78 (63) -1.82

1.39 (irr)

[Ru(bpy)2(LL7)(bpy)20s]4+ 0.36 (92) -1.56

0.79 (79) -1.81

1.1 0 (111)

Table 5.8 Results o f  electrochemistry o f  complexes containing LL7.

A ll results are in V  vs Fc/Fc+ standard.

The cyclic voltammogram of the oxidation waves of the [Ru(bpy)2(LL7)]21 complex is 

presented in Figure 5.17. Comparison with the voltammograms of the monomeric 

ruthenium(II) complexes of the LLx ligands discussed in Chapter 3 indicate that the first 

oxidation wave is most likely due to a Ru(n)/Ru(ni) couple, while the second wave is due 

to oxidation of the LL7 ligand. The presence of ligand oxidation waves has been 

discussed for ruthenium(H) complexes containing similar ligands in Section 3.10. The 

cyclic voltammogram of the reduction potentials is interesting also and can be seen in 

the Figure 5.18.
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Potential IV  vs Ag/Ag+

Figure 5.17 Cyclic Voltammogram o f  the oxidation potentials o f  the monomer 

[Ru(bpy)2(LL7)J2+ inM eCNwith O.IMTBABF4.

Potential / V vs Ag/Ag+

Figure 5.18 Reduction potentials o f  the complex [Ru(bpy)2(LL7) ] 2+ inM eC N  with 0.1M

TBABF4.
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In the experiment to examine the reduction potentials of the complex [Ru(bpy)2(LL7)]2+, 

the applied potential is initially scanned in a negative direction from 0 V vs Ag/Ag'. The 

spike seen on the return wave in this instance can tentatively be described as a 

“desorption spike” and is likely to be due to the desorption of complex from the 

electrode surface at the applied potential. 19,20

This desorption spike may be caused by more than one factor. After the applied potential 

reaches -2.1 V vs Ag/Ag+, the complex in solution has experienced two reductions, i.e. 

the complex has gained two electrons, and therefore should be a neutral species at this 

potential. This sudden neutrality may cause the complex to become insoluble at this 

applied potential and this in turn leads to the deposition of the complex onto the working 

Pt electrode. The desorption spike can therefore be due to the complex being oxidised 

from the neutral species, and therefore re-dissolving in the electrolyte at a particular 

potential which results in a larger than expected current flowing at that voltage.

Alternatively, it should be remembered also that the LL7 ligand in the monomeric 

complex will contain free nitrogens which have the ability to “adsorb” on the electrode. 

On the return scan the electrode becomes less negatively charged, and at a specific 

voltage, the interaction between electrode and free nitrogens becomes too weak to bind 

the complex to the surface resulting in the desorption spike found in Figure 5.18. This is 

an interesting result, and if this was the case, provides proof that the complex being 

examined is the monomer, as the adsorption to the electrode would not be possible 

without the free nitrogens available on the monomer. In favour of this supposition, this 

phenomenon does not occur for any of the dimeric complexes.

The voltammogram of the dinuclear Ru-Ru complex is given in Figure 5.19. In order to 

aid the assignment of the oxidation potentials, the voltammogram of the mononuclear 

ruthenium complex is presented for comparison.
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Potential / V vs Ag/Ag+

Figure 5.19 Oxidation potentials o f  [Ru(bpy)2(LL7)]2+ (red) and [(Ru(bpy)2)¡(LL7)

(blue) in M eCN with 0.1M TBABF4.

The first oxidation wave of the [(Ru(bpy)2)2(LL7)]4+ dimer corresponds very closely 

with that of the monomer, and has also been assigned as due to a Ru(n)/Ru(UI) couple. 

What is interesting is the two electron process appears as a single redox wave with no 

sign of splitting. This can be attributed to the simultaneous oxidation of the two metal 

units of the dimer and is a known phenomenon. 21 Molecules containing a number of 

identical, noninteracting centres exhibit electrochemical responses of the same shape as 

that obtained for the corresponding molecule containing a single centre. The presence of 

the extra units simply enhances the magnitude of the current.

This is the case for the [(Ru(bpy)2)2(LL7)]4+ complex and the [(Os(bpy)2)2(LL7)]4' 

complex which will be discussed next. The oxidation potential of the ruthenium metal 

centre in both the monomer and dimer are almost identical. This is characteristic of 

dinuclear complexes where electrostatic and resonance stabilisation effects are small and
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therefore serves as evidence of small electronic coupling between the two metal centres. 

22 A metal-metal interaction through space, or through the bridging ligand would lead to 

stabilisation of the mixed-valence complex, and lead in turn to the presence of discrete 

oxidation waves for each metal centre. 23,24 Attempts to resolve the peaks using the more 

sensitive technique of differential pulse voltammetry has also failed. 25

The stability of the intermediate species towards redox dissociation is measured by the 

comproportionation equilibrium constant, Ko. The intermediate exists in a 

comproportionation equilibrium which can be represented as,

2M(n)-LL-M(ni) M ^-L L -M ®  + M^-LL-MC'O Equation 5.1

K«. = eAE(mV)/25'69 at T = 298K Equation 5.2

A single oxidation wave for the homodinuclear complexes [(R u (b p y )2 )2 (L L 7 )]4+ and 

[(Os(bpy)2)2(LL7)]4+ means that Kc is near its statistical limit of 4. 26

The second oxidation potential for the mononuclear complex is 1.42 V vs Fc/Fc+, 

whereas the second oxidation potential of the dimer appears at 1.10 V v,s' Fc/Fc+. The 

electronic properties of the ligand are changed upon coordination of a second [Ru(bpy)2]
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Figure 5.20 Cyclic Voltammogram o f  the oxidation o f  the complex 

[ Os(bpy)2(LL 7) (bpy)2Os]4+.

Section 4.8, has already discussed the electrochemistry of osmium(II) complexes. The 

first oxidation wave (0.43 V vs Fc/Fc4) can be assigned as a two electron Os(n)/Os(ni) 

couple (this has been proven by bulk electrolysis and is described in the next section). 

As expected this is approximately 350mV lower than for the analogous Ru(n)/Ru(m'1 

couple. 27 (Figure 5.20) The reasons for this difference have already been discussed and 

will not be repeated here. As for the ruthenium dimer, the two electron process appears 

as a single redox wave with no sign of splitting. The irreversible ligand oxidation is 

centred at 1.38 V v.s Fc/Fc+, which is much closer to the ligand centred oxidation 

potential found for the ruthenium monomer, than for that of the ruthenium dimer.
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Potential / V  vs Ag/Ag+

Figure 5.21 Cyclic Voltammogram o f  the oxidation potentials o f  the mixed metal 

complex [Ru(bpy)2(LL7)(bpy)^)s]4+.

The oxidation potentials of the mixed metal heteronuclear dimer can be seen in Figure

5.21. As expected, for a system where the communication between the metal centres is 

weak, the oxidation potential of the Ru(II)/Ru(I1I) and Os(nVOs(m) are the same as for the 

corresponding monomer and homonuclear dimers. Again, a ligand based oxidation is 

found at higher potentials. (1.10 V vs Fc/Fc+)

The results of the electrochemistry to examine the reduction potentials of the complexes 

can be seen in Table 5.8. Each of the complexes exhibits two one electron reduction 

potentials before we reach the solvent limit, with the first between -1.56 and -1.62 V 

and the second lying between —1.81 and -1.84 V vs Fc/Fc+. These compare favourably 

to the first two reduction potentials found for other ruthenium(IT) and osmium(II) 

complexes and correspond to the first two reductions of the 2 ,2 ’-bipyridyl moieties. 28
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The similarity of the reduction potentials to those of previously studied complexes allow 

us to locate the excited state of these compounds on the 2 ,2 ’-bipyridyl unit and not on 

the bridging ligand. This agrees with the excited state lifetimes discussed in Section 5.5. 

The fact that the 2 ,2 ’-bipyridyl units are easier to reduce than the bridging ligand also 

suggests that 2,2’-bipyridyl is a stronger 7i-acceptor than the bridging LL7 ligand.29

5.8 Bulk electrolysis of the [Os(bpy)2(LL7)(bpy)2Os](PF6)4

complex.

In this experiment bulk electrolysis was used to confirm that the first oxidation potential 

is a two electron process, i.e. that the oxidation potential at 0.43 V vs Ag/Ag+ is due to 

simultaneous oxidation of the both osmium(II) centres to osmium(III). In the 

electrochemical experiments that have been performed thus far, the ratio of the electrode 

surface to the volume of solution has been low. This permits the experiments to be 

performed without changing the overall composition of the solution, i.e. the experiments 

are not destructive. In this instance however, we attempt to convert 100% of the 

electroactive species in the solution to a different oxidation state by applying an 

appropriate constant potential to the surface of the working electrode. To speed up the 

electrochemical conversion, working electrodes with a large surface area are used, while 

mass transport is enhanced by magnetically stirring the experiment. Figure 5.24 

illustrates the bulk electrolysis set-up.

The set-up used was a 3 compartment, 3 electrode cell. The reference electrode was 

Ag/Ag+, the working electrode was a cylinder of Pt guaze, 1 cm x 1 cm (52 mesh) and 

the counter electrode used was a coiled Pt wire. (Figure 5.22)
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Counter
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Reference
Electrode

Working
Electrode

Magnetic stirrer

Figure 5.22 Illustration o f  the apparatus used to perform the bulk electrolysis
experiment.

During the bulk electrolysis experiment, the current decays exponentially with time as 

the remaining concentration of the original electroactive species is lowered by the 

electrochemical reaction. Integration of the current vs time leads to the total electrical 

charge passed, which can be converted to the number of moles converted using 

Faraday’s Law. In our case we use the measured charge (Q) to determine the number of 

electrons (n) involved in the electrochemical reaction, where F is Faradays Constant, V 

is the volume of the solution and C is the concentration of the electroactive species in 

solution. The result of the experiment is presented in Figure 5.23.

n = _ Q _
F VC Equation 5.3
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Time / sec

Figure 5.23 Bulk oxidation trace o f  [0s(bpy)2(LL7)(bpy)20s]4~.

In our experiment, the value o fn  = 1.92. This compares to an expected value of 2. The 

value of n = 1.92 is well within experimental error and proves that both osmium(II) 

centres are oxidised simultaneously. The results of this experiment can be used by 

extension to assert that the oxidation potential observed at 0.79 V v,y Fc/Fc+ in the 

voltammogram of the [0 s(bpy)2(LL7)(bpy)20s]4+ dimer is also a 2 electron process.

5.9 Spectroelectrochemistry of the complexes:

The spectroelectrochemical properties of the dinuclear complexes have also been 

examined. Spectroscopic and electrochemical data indicates that communication 

between the metal centres in the ground state is weak. The most effective way to 

measure directly the coupling between two metal centres in a dinuclear complex is to 

examine mixed valence species. Section 1.10 provides an introduction to this section.
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As discussed in the previous section, the ruthenium and osmium homonuclear dimers 

exhibit a single metal centred oxidation couple, which corresponds to oxidation of both 

metal centres simultaneously. The bulk electrolysis experiment described in the previous 

section has confirmed this. This does not provide an obstacle to the formation of the 

mixed-valence species of these complexes. Intervalence Transitions have been observed
■ ■ 30 3132for other dinuclear systems which exhibit a single metal centred redox couple. ’ ’

The results of the spectroelectrochemical examination of the complexes, 

[Ru(bpy)2(LL7)(bpy)2Ru]4+ , [0 s(bpy>2(LL7)(bpy)20s]4+ and

[Ru(bpy)2(LL7)(bpy)20s]4+ are described in this section. The procedure has been 

outlined in Chapter 2.7.

Wavelength (nm)

Figure 5.24 Spectroelectrochemistry o f  the complex [Ru(bpy)2(LL7)(bpy)2Ru]4+ in 
M eCN with 0.1MTEAP at intervals from  OV to 1.05V vsAg/Ag+ wire.
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The results in Figure 5.24 correspond to oxidative spectroelectrochemistry of the 

[Ru(bpy)2(LL7)(bpy)2Ru]4+ complex. Scanning to 1.05 V vs Fc/Fc+ has fully oxidised 

the metal, whose oxidation potential has been determined as being 0.79 V vs Fc/Fc+, but 

has not led to oxidation of the ligand, which occurs at 1.10 V vs Fc/Fc+. Scanning at 

these potentials has seen the gradual disappearance of the MLCT band and a decrease in 

the intensity and red-shift in the 7t—Mt* transition around 280 nm. This characteristic 

splitting and shift to lower energy of the band is indicative of oxidation of metal centres 

which are bound to 2,2 ’-bipyridyl ligands. 33

With the bleaching of the MLCT band, a concurrent increase in the intensity of band in 

the region 470 nm to 700 nm is observed. These bands can be assigned as ligand to 

metal charge transfer (LMCT) bands based on their energy and intensity in comparison 

to similar spectroelectrochemical measurements. 6,33

Wavelength (nm)

Figure 5.25 Result o f  scanning beyond 1.05 V vs Fc/Fc+.

229



Chapter 5: Synthesis and characterisation ofLL7 bridged ruthenium and osmium bimiclear complexes.

The reversibility of the process observed on scanning from 0 V to 1.05 V vs Fc/Fc was 

ascertained at this stage by electrolysis of the complex to its original oxidation state and 

analysis of the absorption spectrum. At this stage the original complex was regenerated 

on scanning the complex at 0 V. Figure 5.25 indicates that regeneration of the original 

starting material is not possible, when the complex is scanned beyond 1.05 V vs Fc/Fc+. 

Figure 5.25 shows the complex in its original oxidation state and the complex at 0 V 

after scanning as far as 1.6 V vi Fc/Fc+. In the spectroelectrochemical experiment, 

scanning from 0V to 1.05 V and back to 0V allows us to oxidise and reduce the metal 

reversibly. Scanning beyond this potential begins to oxidise the ligand, which is an 

irreversible process, and therefore on cycling back to 0V from these higher potentials a 

different species can be observed corresponding to the metal centres in their original 

oxidation states bridged by an oxidised ligand.

The spectroelectrochemical behaviour of the [0 s(bpy)2(LL7)(bpy)20s]4+ dimer is very 

similar to that of its ruthenium analogue. The results of the spectroelectrochemical 

experiments on the Os-Os dimer can be seen in Figure 5.26. From the electrochemistry 

of the dimer, the first oxidation has been assigned as simultaneous oxidation of the 

osmium centres. Again oxidation of the LL7 ligand is responsible for the second wave 

observed in the voltammogram.

Scanning to 0.75 V vs Fc/Fc+ has seen the gradual disappearance of the MLCT band and 

a decrease in the intensity and red-shift in the 7t—>7i* transition around 280 nm. Unlike 

the Ru-Ru complex, no concurrent increase in the intensity of band in the region 470 nm 

to 700 nm with the bleaching of the MLCT band was observed. This may be due to the 

fact that the complex contains absorption bands which are not present in the absorption 

spectra of the ruthenium analogues in the range 600-660 nm which have been assigned 

as formally forbidden d7i—>n* bpy MLCT transitions. These absorption bands may mask 

the appearance of LMCT bands. The reversibility of this process has been examined. It 

proved possible to return to the original oxidation states of the complex on returning to 

0Y after oxidation of the metal centres. As in the case of the Ru-Ru dimer, higher
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irreversible.
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Wavelength (nm)

Figure 5.26 Spectroelectrochemistry o f  the complex fOsfbpy) 2(LL 7)(bpy) 20s]4r in 

M eCN with 0.1MTEAP at intervals from  OV to 1.05 V vs Fc/Fc+.

The spectroelectrochemistry of the mixed metal complex [Ru(bpy)2(LL7)(bpy)20s]4+ 

was also performed. The results can be analysed more accurately by complementing the 

results of the spectroelectrochemistry with the electrochemical data. As discussed in the 

previous section, the first oxidation wave is centred at 0.36 V v.v Fc/Fc+ and has been 

assigned as oxidation of the osmium centre. The second oxidation at 0.79 V vs Fc/Fc+ 

has been assigned as based on the ruthenium centre while the third irreversible wave 

corresponds to oxidation of the ligand bridge and is centred at 1.39 V vs Fc/Fc+.
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Wavelength

Figure 5.27 Spectroelectrochemistry o f  the mixed metal complex 

[Ru(bpy)2(LL7)(bpy)20s]4+ in M eCN with 0.1M TRAP at intervals from OV to 0.9V vs

Fc/Fc+.

As can be seen from Figure 5.28 the results are very similar to those observed for the 

Ru-Ru and Os-Os dimers. Scanning to 0.7 V vs Fc/Fc+ has seen the gradual 

disappearance of the MLCT band and a decrease in the intensity and red-shift in the 

7t—>7i* transition around 280 nm. With the bleaching of the MLCT band, which 

continues at potentials higher than 0.7 V vs Fc/Fc+, a concurrent increase in the intensity 

of band in the region 500 nm to 800 nm. These bands can be assigned as ligand to metal 

charge transfer (LMCT) bands based on their energy and intensity in comparison to 

similar spectroelectrochemical measurements.
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Wavelength (nm)

Figure 5.28 Illustration o f  the irreversibility associated with potentials above the 
oxidation potential o f  the bridging ligand.

As in the case of the Ru-Ru and Os-Os dimers, scanning to potentials higher than that of 

the bridging ligand oxidation prevents re-reduction back to the original oxidation state 

due to the irreversibility of the ligand oxidation process.

The results of the spectroelectrochemical analysis presented here do not include the data 

points of the near IR region where IT bands are expected as no interesting bands have 

been observed in this region. This does not necessarily mean that there are no IT bands, 

but the intensity may be so low that they are not differentiable from the baseline (which 

tends to be very noisy in this region). These results agree with those of the 

electrochemistry, the and photophysics of these dimers and allow us to say confidently 

that interaction between the metal centres may be described as weak at best.
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Chapter 6:

Ruthenium(II) and Osmium(II) Mononuclear Complexes 

as Precursors to the Synthesis of Surface Active Dinuclear

Complexes:

Abstract:

Chapter 6 introduces a number o f  monomeric ruthenium(2I) and osmium(II) complexes 

based on variations o f  the 4,4 '-bipyridyl ligand. These monodentate ligands have been 

used to synthesise a series o f  ruthenium and osmium N6 complexes containing two 2,2 - 

bipyridyl rings and two monodentate coordinatingPnP ligands. A  series ofN5-chloride 

ruthenium complexes have also been synthesised. These complexes have been 

synthesised previously by other groups and this chapter begins with an in troduction to 

the work that has been done before using these ligands. The complexes have been 

structurally characterised by H  NMR and the spectroscopic and electrochemical 

properties have also been investigated.

Chapter 6 is used in this thesis as an introduction to Chapter 7, as the monomeric 

complexes studied here form  the structure o f  a series o f  dinuclear complexes that are 

introduced in Chapter 7. It is important therefore to understand properly the properties 

o f  the monomeric “starting materials ” in order to best explain the processes taking 

place in the more complicated dinuclear complexes.
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6.1 Introduction:

In recent years much work has focussed on the synthesis of polynuclear transition metal 

complexes and the study of their photochemical, photophysical and electrochemical 

properties. This interest is stimulated by attempts to design and construct

perform a particular function, it must be possible to probe, and preferably control the

complexes is one way of gaining this control. Chapter 6 introduces a series of 

mononuclear ruthenium(H) and osmium(II) bis bipyridyl complexes which contain 

either one or two monodentate ligands. Chapter 7 uses these mononuclear complexes as 

building blocks to synthesise a series of dinuclear ruthenium-ruthenium and osmium- 

ruthenium complexes. Both the monomers (Chapter 6) and the dinuclear complexes 

(Chapter 7) are capable of attachment to specific surfaces. The monodentate ligands that 

are used as bridging ligands both from metal to metal, and also from metal to surface are 

introduced below.

multicomponent systems (often called supramolecular species) which are capable of 

performing useful light -  and/or redox induced functions. 1 For assemblies of this type to

properties of the individual components.2 The formation and characterisation of ordered 

structures produced by self assembly or spontaneous adsorption of transition metal

POP ligand P2P ligand

« 2  h 2

P3P ligand PEP ligand

Figure 6.1 Schematic o f  the ligands used in this Chapter.
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The ligands used in this chapter to synthesise complexes of the type [M(bpy)2(L)2](PFg)2 

and [Ru(bpy)2(L)Cl](PF6) where M = Ru or Os and L = 4,4’ bipyridine (POP), l,2-bis(4- 

pyridyl)ethylene (PEP), l,2-bis(4-pyridyl)ethane (P2P) or 4,4’-trimethylenepyridine 

(P3P) are illustrated on the previous page. (Figure 6.1) It must be reiterated that the 

complexes being discussed in the chapter have been synthesised previously by other 

groups (many of them in order to examine the behaviour of the complexes on a surface). 

What follows in this section includes information and data relevant to the compounds 

discussed both in this chapter and more importantly in Chapter 7. It is important to note 

that the photophysical properties of these complexes do not appear to have been studied 

previously. This chapter therefore contains a detailed analysis of the absorption, 

emission and excited state lifetime properties of these series of complexes.

One of the simplest complexes formed using 4,4’ bipyridine (POP) or l,2-bis(4- 

pyridyl)ethylene (PEP) is the monomeric pentaammineruthenium(II) complex 

[(NH?)5RuL]2+ with L= POP or PEP ° Dimeric compounds of the type [(NH3)5Ru]2L4+ 

where L = POP or PEP have also been synthesised and characterised. The pKa of the 

POP ligand are pKi=3.2 and pK2 = 4.9. For the P2P ligand the pKa are pKi = 4.4 and 

pK2 = 5.9. The ruthenium complex [(NHi)5RuL]2+ has a pKa of 4.4 for L = POP and 5.0 

for L = PEP. The absorption of these complexes in the ultraviolet region is generally 

very close in energy to the transitions of the free ligand and arises from transitions 

between molecular orbitals which are localised on the ligand (i.e. 7t— In the visible 

region an intense absorption band corresponding to a MLCT process appears. The more 

easily the ligand is reduced the lower the energy of the absorbance associated with the 

charge transfer is.

Both the POP and PEP have a second nitrogen atom available for bonding and 

pentaammineruthenium(II) complexes of both undergo significant bathochromic shifts 

in acidic solution.
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Figure 6.2 Labelling o f the positions in the ligands POP and PEP. For !H-NMR

analysis.

The *H NMR spectrum of 4,4’-bipyridine consists of two doublets which are further 

split into superimposed doublets. The downfield set (Ô 8.55) set of “doubled doublets” 

are assigned as the chemical shifts of the H2;6 and H2’,6’ atoms while the upfield set (5 

7.60) are assigned to the H3,5 and H3’,5’ atoms. 3,4

In order to assign the chemical shifts of the ring protons in the complex 4,4’-bipyridine- 

pentaammineruthenium(H) more easily, the chemical shifts of the pyridine- 

pentaammineruthenium(II) complex were assigned first and were found to be ô 8.45 for 

H2,6 and shifts of ô 7 75 and 5 7.30 for H4 and H35 respectively.4

The peaks at 5 7.88 are assigned to H3,5 on the basis of the similarity in the shift change 

upon complexation (Ô -0.28) of H3>5 in pyridine (5 -0.30) and to a change of (5 -0.28) for 

l,2-bis(4-pyridyl)ethylene on complexation. The downfield or diamagnetic shift 

indicates a n electron deficiency on the ring.

The 'H-NMR spectrum of the 1,2-bis(4-pyridyl)ethylene ligand consists of the “doubled 

doublet” at ô 8.35 (H2j6, Hr,6’) and one at ô 7.30 (H3 5, H r 5 ) and a single spike at ô 7.06
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(H7, and H7’). The NMR of the l,2-bis(4-pyndyl)ethylene complex consists of a doublet 

assigned to the H2,6 protons which is shifted by 5 0.10 upfield in comparison to the free 

ligand. Another doublet occurs downfield at 5 8.56 corresponding to the H i’,6’ protons. 

Doublets at 5 7.66 and 7.57 are assigned to H3%5’ respectively while the peaks at 5 7.51 

and 7.48 are assigned to H7 and H7’. 3,4

Mononuclear ruthenium and osmium complexes containing the POP, P2P, P3P and PEP 

ligands have also been synthesised by Forster, Faulkner, Tirado and Abruna.5’6’7’8’9’10 The 

complexes take the form [M(bpy)2(L)Cl]+ or [M(bpy)2(L)2]2+ where M = Ru or Os, bpy 

= 2,2’ bipyridyl and L = POP, P2P, PEP or P3P. These compounds have been 

synthesised for their ability to form self-assembling, dense, spontaneously absorbing 

monolayers onto microelectrodes. The compounds bind to the surface through one of the 

free pyridine groups. The exchange dynamics, desorption and displacement reactions, 

the electrochemistry and the effects of solvent, electrolyte and temperature on these 

results have all been studied. Chronoamperometry has allowed the heterogenous electron
A  | j ry^ | /o  |

transfer rate constants to be calculated for both Ru and Os redox reactions.

A table containing the relevant electrochemical data corresponding to the metal based 

oxidation from M® to M^m) has been compiled below.11 (Table 6 .1)
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Compound Formal potential (V)

[Os(bpy)2(POP)Cir 0.47

[Os(bpy)2(P2P)Cl]+ 0.43

[Os(bpy)2(P3P)Cl]+ 0.40

[Os(bpy)2(POP)2]2+ 0.88

[Os(bpy)2(P2P)2]2+ 0.86

[Os(bpy)2(P3P)2]2+ 0.85

[Ru(bpy)2(P2P)Cl]+ 0.65

[Ru(bpy)2(P3P)Cl]+ 0.75

Table 6.1 Electrochemical results corresponding to the metal based oxidation 

M (U)■ All measurements on osmium compounds were carried out in acetonitrile

with 0.1 M  TBABF4 as electrolyte.

The electronic spectra of these compounds have also been reported. The UV spectra of 

the [Os(bpy)2(L)Cl]+ compounds show sharp bands at 280nm which correspond to 

71—»7t* transitions. The bands in the visible region correspond to metal to ligand charge 

transfer bands. The spectra of the [Os(bpy)2(L)2]2+ compounds also contain a high 

energy tc— band at 180nm and a broad MLCT band in the visible region between 320 

and 520nm. The electronic spectra of the ruthenium complexes will be discussed in 

more detail later.

More recent studies have examined in greater detail the photostability, electrochemistry 

and monolayers of [M(bpy)2(PEP)L]+ (M = Ru, Os; L = Cl, H20 ).2 In principle the two 

monodentate Cl' ligands and PEP can be photochemically displaced where M = Ru, 

Previous investigations on related systems indicate that the loss of chloride rather than 

the monodentate PEP ligand is favoured in water. 12 The rapid loss of chloride in 

aqueous solution, triggered by low intensity visible light means that monolayers of 

[Ru(bpy)2(PEP)Cl]+ can only be prepared by avoiding exposure to ambient light. On the 

other hand irradiation represents a convenient way of preparing [Ru(bpy)2(PEP)(H20)]2+ 

in situ.
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In contrast to the high lability of the monodentate ligands within the ruthenium complex, 

no photosubstitution reactions were found for the osmium complexes. This is consistent 

with the higher energy of the triplet MC excited state of Os polypyridyl complexes 

compared to their Ru analogues.

In the case of the [M(bpy)2Cl(L)]+ or [M(bpy)2(L)2]2+ compounds examined by Forster 

et al, 13 the ligands act as a bridge between the metallic centre and the surface. In the 

next section the ability of these ligands to act as a bridge between two metal centres will 

be reviewed. The metal centres may be both the same metal, mixed valence compounds 

and mixed metal complexes.

One of the simplest and earliest dimeric compounds synthesised was of the type 

[(NH3)5Ru(L)RuCl(bpy)2].(PF6)3 where L = POP, PEP and P2P.14 These 3+ dimeric ions 

undergo a reversible one-electron oxidation in acetonitrile to give the mixed-valence 

(Ru(ra)-Ru(n)) ions, [(NH3)5Ru(L)RuCl(bpy)2]4+, with the site of oxidation being largely 

localised on the (NI^sRu- group. The results of the electrochemical measurements are 

given below. The voltammograms for the dimeric complexes give two anodic waves 

which arise from the oxidation of the 3+ ions to [(NH3)5Ru(L)RuCl(bpy)2]4+ and then 

followed at higher potentials by a second one electron oxidation to give 

[(NH3)5Ru(L)RuCl(bpy)2]5+.

Compound Ei/2(1), V Ei/2(2), V

[(NH3)5Ru(P2P)RuCl(bpy)2]4+’3+ 0.37

[(NH3)5Ru(P2P)RuCI(bpy)2]5+’4+ 0.79

[(NH3)5Ru(P0P)RuCl(bpy)2]4+’3+ 0.43

[(NH3)5Ru(P0P)RuCl(bpy)2]5+’4+ 0.83

[(NH3)5Ru(PEP)RuCl(bpy)2]4+>3+ 0.41

[(NH3)5Ru(PEP)RuCl(bpy)2]5+’4+ 0.81

Table 6.2 First and Second Oxidation potentials for [ (NH¡)5Ru(PnP)RuCl(bpy)if'. 

(Pt electrode and are referred to the SCE in 0.1M TBAH-CH3CN at 25 ±2°C) 14
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As can be seen from the data in Table 6.2 the oxidations occur at well separated 

potentials. Oxidation potentials for the first redox process fall in the same range as 

potentials for the related [Ru(NH?)5L]3 ,2+ couples while potentials for the second 

process are in the same range for the related [Ru(bpy)2(L)Cl]2+,+ couples. This is 

consistent with a model for dimeric complexes where the oxidation states are localised, 

and, in which the interactions between the metal centres are relatively weak. The most 

clear cut conclusions can be drawn for the P2P bridged dimer. From the electronic 

spectra of the ions [(NH3)5Run(P2P)RunCl(bpy)2] and [(NH3)5Rura(P2P)RunCl(bpy)2] 

the two ruthenium ions in both the 3+ and 4+ ions do not interact electronically because 

of the saturated -CH2-CH2- linkage. Due to the absence of an extended n system the two 

separated ruthenium groups behave as non-interacting chromophores. This is reinforced 

by the fact that the UV spectrum for [(NH3)5RuII(P2P)RuIICl(bpy)2] is essentially the 

sum of the spectra of the monomeric ions [Ru(NH3)s(P2P)]2+ and [Ru(bpy)2(P2P)Cl]+

For the other dimeric complexes bridged by the POP or PEP ligands, the n systems 

linking the metal ions are uninterrupted in comparison to P2P, however, the changes in 

Ei/2(1) and Ei/2(2) values for these compounds when compared to the monomers is 

insufficient, preventing meaningful conclusions.

The presence of Intervalence Transfer (IT) bands has also been investigated. Mixed 

valence compounds often have relatively intense bands in the visible and near infra-red 

regions of their spectra. These occur due to light induced electron transfer between the 

metal centres. 15 IT. bands have been introduced in Section 1.8 and again does not need 

to be expanded upon here.

The shoulders at 14.4 and 14.7 kK in the infra-red absorption spectrum of 

[(NH3)5Rum(P0P)RunCl(bpy)2]4+ and [(NH3)5RuIII(PEP)RuIICl(bpy)2]4+ respectively are 

due to intervalence transfer. The shift to higher energies relative to 

[(NH3)5Ruin(pyz)RunCl(bpy)2]4+ may result from the greater distance separating the 

metal centres. No IT band is observed for the [(NH3)5Rum(P2P)RunCl(bpy)2]41 

compound. Fischer, Tom and Taube measured the first order specific rates for the
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reduction of Co(III) with Ru(H) in complexes of the type 

[(NH3)5Co(m)(L)Ru(II)(NH3)4(H20 )]5+ with L = POP, PEP and P2P.16 The first order rate 

constants were found to be 44 x 1 O’3, 1 8 .7x103 and 1.2 x 10"V1 for L as POP, PEP and 

P2P respectively. The results suggest that the Franck-Condon barrier for electron 

transfer is constant for the series, and that the differences arise from the slower reactions 

being not quite adiabatic. The bridging ligand appears to mediate in electron transfer, but 

in the reaction with L as P2P, electron transfer appears to take place directly between the 

metal centres. A series of dimers, [(bpy)2ClRu(L)RuCl(bpy)2]2+ where bpy is 2 ,2 ’- 

bipyridine and L = POP, PEP and P2P were synthesised by Powers and Meyer.17 One 

electron oxidation of these compounds gave solutions containing the mixed-valence 

Ru(m)-Ru(n) dimers. For the mixed-valence dimers where the bridging ligand is 

unsaturated, intervalence transfer bands were observed. The formal reduction potentials 

of these mixed valence dimers are detailed in the Table 6.3.

Compound Em,

V

r(bpy)2ClRu(POP)Ru(:i(bpy)]41' 1 

[(bpy^Cl Ru(P0P)RuCl(bpy)]3+’2+

[(bpy>2ClRu(PEP)RuCl(bpy)]4+’3+
3+2+ ^ . 7 i

[(bpy)2ClRu(PEP)RuCl(bpy)]3+’2+

[(bpy)2ClRu(P2P)RuCl(bpy)]4+’3+
0 T i

[(bpy)2ClRu(P2P)RuCl(bpy)]31’2'

Table 6,3 Formal reduction potentials o f  the mixed valence dimers. The CV experiments 

were carried out in CH3CN with 0.1 M  TBAH vs SSCE at 25 °C. 17

The UV spectra of the series of dimers are all similar and the spectra of the mixed 

valence ions in the UV/Vis spectral region are nearly the sum of the spectra of 

[(bpy)2ClRun(L)]+ and [(bpy)2ClRum(L)]2+. In the near infrared region, new absorption 

bands appear for the mixed-valence ions which are not present for either the 2+ or 4+ 

dimeric ions.
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Meyer, Schanze and Neyhart have used these ligands to form mixed valence dimers of 

osmium.1819 The photophysical properties of these unsymmetrical ligand bridged 

dimers, [(bpy)2(CO)Osn(L)Osn(phen)(dppe)(Cl)]3+ and

[(bpy)2(CO)OsII(L)Osin(phen)(dppe)(Cl)]3+ where L = POP, P2P, phen = 1,10- 

phenanthroline and dppe = l,2-bis(diphenylphosphino)-cis-ethene have been 

investigated and reported. Due to the difference of coordination environments at the two 

metal centres, there is a moderate difference in energy between the localised MLCT 

excited states, e.g. [(bpy‘)2(CO)Osm(L)Osn(phen)(dppe)(Cl)]3+ (E ~ 2.1 eV) and 

[(bpy)2(CO)OsII(L)Osin(phen‘)(dppe)(Cl)]3+ (E ~ 1.9 eV). Excited and ground state 

redox potentials are also different at the two sites.

E1/2 values are close to those of the associated monomers, which indicates that at best 

slight resonance and/or electrostatic interactions exist between the two metal centres. 

The P2P bridged dimer has three ligand based reductions, whereas the POP bridged 

dimer has a fourth due to the ability of the POP ligand to act as an electron acceptor in 

the dimer. The absorption spectra for the (11,11) dimers are essentially the sum of the 

absorption spectra of the monomers. In the mixed valence (TL,I1I) dimers there is a 

decrease in the absorption in the region X = 400 - 500 nm which is due to the loss of the 

d7t(Os)—>7t*(phen) MLCT absorption band. The POP bridged dimer has a weak 

absorption band in the region 700 -1000 nm in its near-IR spectra which is not observed 

for the P2P compound. Emission from the dimer 

[(bpy)2(CO)Os(P2P)Os(phen)(dppe)(Cl)]31 is superimposable on emission from the 

monomer [(phen)Os(dppe(Cl)(P2P)]2+ except for a weak band appearing on the high 

energy side of the major band which corresponds in energy to the emission from 

[(bpy)2Os(CO)(P2P)]2+. Emission lifetime data at room temperature and 77K gives 

further evidence in support of a dual emission.

The monomers [(phen)Os(dppe)(Cl)(POP)]2+ and [(bpy)2Os(CO)(P0P)]2' display typical 

MLCT luminescence with A,max values slightly blue shifted in comparison to the P2P 

bridged dimers. The dimer [(bpy)2(CO)Os(POP)Os(phen)(dppe)(Cl)]3+however does not 

luminesce at room temperature. Emission spectra and lifetimes have been obtained at
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77K and these suggest that the luminescence from 

[(bpy)2(CO)Os(P2P)Os(phen)(dppe)(Cl)]3, occurs nearly exclusively from an Os(phen) 

localised state. The fact that the weak emission attributable to the high energy MLCT 

state [(bpy)(bpy ')(CO)OsInPOPOsn(phen)(dppe)(Cl)]3+* is 1/10 as intense than for the 

P2P dimer suggests that intramolecular quenching is even more rapid for the POP 

bridged dimer (electronic coupling between the two metal centres is greater) . 18,19

It is expected that as for other biphenyl-like molecules, the pyridyl rings will be twisted 

away from co-planarity due to steric effects, but after addition of an electron the rings 

will become almost planar to maximise delocalisation. Therefore in the ground state the 

preferred conformation of the POP bridging ligand is expected to be twisted while 

following optical excitation, the bridging ligand in the Os(phen)—»POP MLCT excited 

state is expected to adopt the flattened configuration. At 77K the ligand is unable to 

adopt the planar configuration and its ability to act as an electron acceptor is greatly 

reduced and the photophysics are much the same as that for the P2P bridged dimer. 

However in fluid solution, the bipyridine rings are free to become planar and act as an 

extremely efficient electron trap.

Meyer et al.20 also did work with these ligands on ruthenium mixed valence dimers of 

the type [(dpte)2ClRun(L)Ruin/IICl(bpy)2]3+/2+ and [(NH3)5RuII/III(L)RuIICl(bpy)2]4+/3+ 

where dpte = PhSCH2CH2SPh and L = POP, PEP and P2P in both cases. The 

electrochemistry for [(dpte)2ClRu(P0P)RuCl(bpy)2]2 does not differ significantly to the 

electrochemistry of its component monomers. This is characteristic for mixed valence 

ions where electrostatic and resonance stabilisation effects are small and provides 

evidence that the electronic coupling between the two sites in the ground state is small. 

The UV visible spectrum of the Ru(n)-Ru(n) dimers is dominated by the 

Tc*(bpy)<-d7i(Ru(II)) transitions at the [(bpy)2ClRu(1I)(L)]+ site. The Ru(n)-Ru(III) spectra 

are somewhat simplified in comparison due to the disappearance of the 

7i*(bpy)<-d7r(Ru(II)) band. A weak band is observed at about 420 nm and is a duRu <— 

pTt(Cr) (LMCT) transition arising at the -RuurCl(bpy)2 end of the dimer.
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The Near-Infrared bands for the dimers [(dpte)2ClRun(L)RumCl(bpy)2] ' where L is POP 

and PEP occur at 823 nm and 781 nm respectively. The shift to lower energy for the 

PEP bridged dimer is to be expected due to the longer separation between the metal 

centres. For the unsymmetrical dimer [(NH3)5Ruin(L)RunCl(bpy)2]4+ the intervalence 

transfer band overlaps strongly with the tail of the 7i*(bpy)<—d7t(RunCl(bpy)2) MLCT 

band, and so the maximum is difficult to resolve. Optical excitation of the 

[(dpte)2ClRuII(L)RuIICl(bpy)2]2+ dimers leads to a sequence of photochemical events 

which has been largely established for the related monomers. Therefore, for the POP and 

P2P dimers, following excitation, the usual 3MLCT state is formed, decays and is 

unaffected by the presence of the second metal site which suggests that the electronic 

coupling between the two metals is weak. The situation is different for the PEP dimer 

[(dpte)2ClRuII(PEP)RuIICl(bpy)2]2+, where the lifetime of the dimer is 2.5 times shorter 

than that of the monomer and may be attributable to population and decay from a lower 

lying, bridging ligand based MLCT state [(dpte)2ClRuII(PEP" )RumCl(bpy)2]2T , or from 

a 7171* state localised on PEP, [(dpte)2ClRun(PEP*)RumCl(bpy)2]2 .

For the [(NH3)5Run(L)RunCl(bpy)2]3+ dimers with L = POP and PEP, the absorption 

spectra and excited state manifold are complicated by the presence of the low-lying 

tt*(L)<—d7r(RuI!(NH3)5) states. With L = P2P, the transient absorbance and emission 

properties of the dimer are practically the same as for that of the monomer.

Excitation of the mixed valence dimers of [(dpte)2ClRun(L)RumCl(bpy)2]3+ resulted in 

the emission and decay characteristics of the Ru(H)-bpy site, even though the other site 

is in the III oxidation state. The excited state reached must have nearly the same redox 

potential as a reducing agent as the Ru(bpy) MLCT states of the monomer

(bpy)2ClRu(POP) 1 and the Ru(H) dimer [(dpte)2ClRu(P0P)RuCl(bpy)2]2+. The evidence
* 3 i points towards the appearance of the bpy based MLCT state -(L)Ru(III)Cl(bpy" )(bpy)

following excitation even though the corresponding chromophore does not exist for the

Rutn)-Ru(III) dimers. The appearance of this can most reasonably be explained via initial

Ru(n)—>7i*(L) excitation followed by intramolecular, ligand to ligand electron transfer,
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The mixed valence dimers of [(NH3)sRuIU(L)RunCl(bpy)2]44 are different. The site of 

oxidation, at the pentaamine and the 7t*(bpy)<-d7r(Run) site is maintained in the Ru(II)- 

Ru(n) compound and is maintained in the mixed valence state.

A series of luminescent bimetallic complexes of rhenium(I) were synthesised by Guarr, 

Lin et al.21 who also prepared bimetallic complexes containing an (a-diimine)(CO)?ReI 

chromophore and a covalently attached ruthenium pentaammine moiety. 

[(LL)(CO)3Re(BL)Ru(NH3)5]3+ where LL = 4,4’ Di(isopropylcarboxylate)-2,2’- 

bipyridine (DCObpy), 4,4’-dimethyl-2,2’-bipyridine (Me2bpy), 4,4’, 5,5’-tetramethyl- 

2,2’-bipyridine (Me4bpy)5 2,2’-bipyridine (bpy), and BL = P2P and P3P. 22 The direction 

of electron transfer can be controlled simply by changing the oxidation state of the 

quencher portion of the molecule. Assuming a through bond pathway, observation of a 

rapid rate for the oxidative quenching direction, (Re chromophore as electron donor) 

suggests that the unoccupied orbitals of the bridging ligand serve to mediate the electron 

transfer process. Rapid reductive quenching with the Re chromophore as electron 

acceptor, would imply metal-metal coupling through the occupied orbitals of the 

bridging ligand. The spectrophotometric data from [(LL)(CO)3Re(BL)Ru(NH3)s] 

spectra are essentially the sum of the spectra of [Ru(NH3)+(BL)]2+ and 

[(LL)(CO)3Re(BL)]+ suggesting that interaction between the metal centres is weak. 

Oxidation of [(LL)(CO)3Re(BL)Ru(NH3)5]3 + causes the disappearance of the Ru-^BL 

MLCT band at 410 nm. Initial oxidation of the [(LL)(CO)3Re(BL)Ru(NH3)s]3H 

complexes appears to be localised on the ruthenium centre and is observed at Em = 

+0.30 V vs SCE. The rhenium centre undergoes a one electron chemically irreversible 

oxidation at more positive potentials. The Eox[ReII/ReI] values for 

[(LL)(CO)3Re(BL)Ru(NH3)s]3+ decreases with the increasing electron donating ability 

of the substituents DCObpy > bpy > Meibpy.

The lifetime data and emission intensities of the Re/Ru11 complexes indicate that the a- 

diimine ligand based MLCT states are efficiently quenched by the attached -Ru(NH3)s2t 

moiety. This could be caused by intermolecular transfer, or energy transfer to the
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Ru—>BL MLCT state, but most likely occurs by intramolecular electron transfer, i.e
21 IPelectron transfer from the ruthenium to the rhenium centre. ' ‘

Since the early 1990’s the ligands POP and PEP have been used to synthesise a new type 

of supramolecular compound. The earlier systems were derived from Pt(II) or Pd(II) 

triflate species and were tetranuclear in regard to the metal content. These therefore 

arranged in a square or box-like geometry, with the metal centres occupying the comers. 

These rigid macrocycles represent a new and unusual class of compounds which have
23tremendous possibilities in host-guest, inclusion and molecular recognition chemistry. 

Expansion of this field has led to the synthesis of visible, light addressable, luminescent 

metal-ligand components within a square or rectangular assembly. The growth in this 

field coincides with the growth in the area of self assembly, and these supramolecular 

species have this common factor, that they self-assemble.

Molecular self assembly is a new strategy for the preparation of organised 

nanostructures. It is based on the phenomenon whereby the individual subunits are 

quickly driven together and held in place by multiple, accurately positioned non- 

covalent interactions. Transition metals and coordination based design allows the 

formation of a variety of self-organised nanosystems in a few highly convergent 

synthetic steps. In order to synthesise materials with specific properties and functions the 

form, shape and distribution of the individual units must be controlled. This necessary 

control places limits on the nature, type and directionality of the bonding that can 

operate throughout the system. The bonding of the subunits must be relatively weak, 

thermodynamically stable, yet kinetically labile allowing the self-rearrangement of the 

subunits within the entire structure. Another important requirement is the conformational 

rigidity of the building blocks which reduces entropic factors upon self-organisation.

Self assembly offers some important advantages over stepwise bond formation. Since it 

proceeds via the simultaneous assembly of pre determined building blocks, the resulting 

synthesis is highly convergent and requires fewer steps. Also, since non covalent 

interactions are usually established very rapidly, final product formation is fast and
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facile. These non-covalent interactions between the subunits generally results in defect 

free assemblies with self maintained integrity since the usual equilibria between the 

constituents and products contribute towards the self rearrangement of the components. 

Nature has been exploiting the advantages of self assembly for a long time.

Transitions metals have coordination sites with specific geometries that depend on their 

electronic structure and therefore can serve perfectly as acceptor subunits. These 

acceptor subunits can be linked together via donor building blocks, which form the rigid 

frame of the assembled entity. Both of these subunits must possess specific geometries 

and remain multidentate, or at least bidentate. These subunits should also be readily 

available. The ligands which have been discussed so far in this chapter are perfectly 

suited to molecular self assembly, and in fact most of the early systems were based on 

the POP ligand. .24’25’26’27’28’29

Fujita el al have been at the forefront of the synthesis of macrocyclic metal complexes, 

where the metals are bridged by bidentate ligands and the synthesis leads to the 

formation of cyclised products quantitatively without using special conditions. One of 

the early examples is the complex [(en)Pd(P0P)]4(NO3)8 (where en = ethylenediamine). 

A significant feature of this complex is its ability for molecular recognition in aqueous 

media.30 This work was expanded and the synthesis of the same Pd complex was 

attempted using the P2P ligand. It was anticipated that displacement of the rigid POP 

ligand by a flexible one may lead to unfavourable oligomerisation rather than 

cyclisation. Against that anticipation, synthesis gave the dimeric [(en)Pd(P2P)]2(NO.i)4 

complex.31 This complex is notable for its high ability for molecular recognition of 

electron rich aromatic compounds with high shape specificity.

A series of square and box type compounds were reported by Hupp et al in 1995.'2 

These compounds are capable of incorporating light addressable, luminescent metal- 

ligand components within a square assembly. Induction of photoluminescent 

characteristics are attractive in the context of molecular sensing applications as it 

provides an alternative to XH NMR spectroscopy for the detection of guest inclusion.
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This also opens the possibility of electronic excited state reactivity and possible 

manipulation of the encapsulated guests. The light emitting square complex was 

prepared by combining the chrompophore fac-Re(CO)3Cl(POP)2 33 with 

[Pd(dppp)(triflate)]2 (where dppp = l,3-(diphenylphosphino)propane). Square formation 

induces a red-shift in both absorption and emission from the nominally triplet MLCT 

excited state. The emission is also decreased circa 25-fold. The excited state lifetime is 

similarly affected from 645 ns to 17 ns on formation of the square. These changes are 

attributed to quenching by the Pd(H) fragments. Attempts to extend the synthetic 

chemistry by replacing the POP ligand with P2P yielded a dimeric metal complex, a 

phenomenon already noted by Fujita.34,35,36 Further work in the area by Hupp led to the 

synthesis of luminescent molecular squares featuring octahedral rhenium comers. 37,38 

The squares based on the bridging ligands pyrazine or POP luminesce at room 

temperature, while the complex based on the P2P ligand decays exclusively via 

nonradiatve pathways. This absence of luminescence may possibly be associated with 

nonradiative decay via torsional motion about the ethylene bond.39 It should also be 

noted that the emissive excited state lifetimes for the squares are significantly shorter 

than for the corresponding monomeric “corner” complexes. This could be caused by 

quenching by further charge transfer to proximal chromophores in the squares.40’41

Further expansion of the field has led to the development of this type of “square” 

complex as a molecular sieving and ion exchange device. 27’42’43’44’45'46 Having 

successfully built molecular squares, Hupp et al concentrated on varying the size of the 

cavity contained within the four bridging ligands, and realised that this could be altered 

more easily if molecular “rectangles” rather than squares were synthesised. Previous 

attempts by the group to make rectangles from mixtures of singly functional bridging 

ligands such as pyrazine and POP with Re(CO)5Cl yielded squares, rather than the mixed 

bridge dimers.47 A different approach however, the reaction of the dimeric complex 

[(CO)4Re(//-SR)]2 with the POP ligand gave a molecular rectangle. 48 This reaction 

provided the stepping stone to the synthesis of other molecular rectangles containing 

POP on two sides while the other sides consist of T^-alkoxy or hydroxy bridges.49,50
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Since 1990, the groups of Fujita and Stang reported many different molecular square 

complexes based on the square planar Pd(II), Pt(II) and Cd(II) centres.37,47,51,52 There 

have been however much fewer cases reported based on an octahedral geometry at the 

metal centre.53’54 The metal Re(I) was used because of its well known photophysical and 

redox properties. 55 The P2P ligand was also used as it was reasoned that increasing the 

overall length of the bridging ligand may induce the formation of a new triangular 

structure.56 The triangular structures exhibit increased thermal and photodecomposition 

in THF than square molecules of the same components. This is probably due to the 

larger strain that exists on the triangular structure.

The area is continuing to grow, and the complexity of the structures are increasing. The 

geometry of the metal centres is no longer limited to square planar, and octahedral metal 

centres are being used more. The reaction conditions are evolving also with a 

photochemical synthesis of organometallic squares being reported in 1999. 57,58

Finally, an interesting application for osmium complexes of the type 

[AsPh4]2[Cl50s(L)0 sCls] where L = pyrazine or POP has been reported. 59 These 

complexes can be used for the preparation of humidity sensors by thick film technology. 

The resistance of these complexes exhibit a strong dependence on the humidity of the 

environment they are in.
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6 . 2  Synthesis of the complexes [ M(bpy)2( I>n P )2Jf PF,,)2 and

[Ru(bpy)2(PnP)Cl](PF6)

This section details the synthetic procedure followed which resulted in the synthesis of 

the monomeric complexes outlined below. The synthesis has been modified from those 

previously reported in the literature, ,10’60 while the purification of the complexes is 

completely different. As these complexes have been synthesised and studied previously, 

elemental analysis has not been deemed necessary in the characterisation process. The 

synthesis of the starting materials, ci,s-[Ru(bpy)2Cl2].2H20 and c/.v-[Os(bpy)2Cl2] XH2O 

have been described in Chapter 3.2 and 4.2.

Synthesis o f  [Ru(bpy)2(P0P)Cl](PF6)

[Ru(bpy)2Cl2].2H20 (250 mg, 4.8x10"' mol) and POP ligand (75 mg, 4.8x1O'4 mol) were 

refluxed in 10ml methanol for 4 hours. The methanol was removed in vacuo and the 

residue dissolved in water. A saturated solution of ammonium hexafluorophosphate was 

added to the solution to precipitate the product. This was isolated by filtration, washed 

with water and dried with diethylether. The product was purified by column 

chromatography on alumina (using MeCN as eluent). The yield of pure product was 302 

mg. (70 %).

*H NMR (400 MHz, ¿/¿-acetone) Ô = 7.38 (dd, 1H), 7.41 (dd, 1H), 7.73 (m, 2H), 7.82 (m, 

5H), 7.94 (m, 4H), 8.19 (m, 4H), 8.62 (m, 2H), 8.67 (m, 2H), 8.76 (m, 3H), 10.10 (d,

1H).

Synthesis o f  [Ru(bpy)2(P2P)Cl](PFe)

[Ru(bpy)2Cl2].2H20  (250 mg, 4.8xl0 '4 mol) and P2P ligand (89 mg, 4.8x1 O'4 mol) were 

refluxed in 10ml methanol for 4 hours. The methanol was removed in vacuo and the
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residue dissolved in water. A saturated solution of ammonium hexafluorophosphate was 

added to the solution to precipitate the product. This was isolated by filtration, washed 

with water and dried with diethylether. The product was purified by column 

chromatography on alumina (using MeCN as eluent). The yield of pure product was 283

mg. (64%).

NMR (400 MHz, ¿/¿-acetone) 5 = 3.08 (m, 4H), 7.18 (dd, 1H), 7.31 (m, 3H), 7.497 

(dd, 1H), 7.70 (dd, 1H), 7.87 (m, 4H), 8.12 (m, 4H), 8.62 (m, 9H), 10.06 (d, 1H).

Synthesis o f  [Ru(bpy)2(P3P)Cl](PF6)

[Ru(bpy)2Cl2] 2H20  (250 mg, 4.8 x 10'4 mol) and P3P ligand (95 mg, 4.8 x 104 mol) 

were refluxed in 10ml methanol for 4 hours. The methanol was removed in vacuo and 

the residue dissolved in water. A saturated solution of ammonium hexafluorophosphate 

was added to the solution to precipitate the product. This was isolated by filtration, 

washed with water and dried with diethylether. The product was purified by column 

chromatography on alumina (using MeCN as eluent). The yield of pure product was 265 

mg. (59 %).

*H NMR (400 MHz, ¿/¿-acetone) 5 = 2.07 (m, 6H), 7.26 (m, 4H), 7.79 (m, 6H), 8.14 (m, 

4H), 8.64 (m, 9H), 10.08 (d, 1H).

Synthesis o f  [Ru(bpy)2(PEP)Cl](PFe)

[Ru(bpy)2Cl2].2H20  (250 mg, 4.8 x 10'4 mol) and PEP ligand (87 mg, 4.8 x 104 mol) 

were refluxed in 10ml methanol for 4 hours. The methanol was removed in vacuo and 

the residue dissolved in water. A saturated solution of ammonium hexafluorophosphate 

was added to the solution to precipitate the product. This was isolated by filtration, 

washed with water and dried with diethylether. The product was purified by column 

chromatography on alumina (using MeCN as eluent). The yield of pure product was 295 

mg. (67 %).
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lU  NMR (400 MHz, J 6-acetone) 5 = 7.35 (m, 2H), 7.52 (m, 3H), 7.78 (m, 2H), 7.93 (m, 

4H), 8.15 (m, 4H), 8.70 (m, 8H), 10.06 (d, 1H).

Synthesis o f  [Ru(bpy)2(picolene)2](PF6)2

[Ru(bpy)2Cl2].2H20 (50 mg, 9.6 x 10'5 mol) was heated to reflux in a 1:1 Et0 H/H20 

mixture. Picolene (0.074 ml, 7.6xl0'4mol) was added by syringe to the hot mixture and 

this solution was heated at reflux for a further 4 hours. At this point the ethanol was 

removed in vacuo and the solution allowed to cool to room temperature An excess of a 

saturated solution of ammonium hexafluorophosphate was added and the resulting 

precipitate was isolated by filtration. The precipitate was washed with water and dried 

with diethyl ether to yield 61 mg of pure product. 71% yield.

*H NMR (400 MHz, ¿¿-acetone) 5 = 2.92 (s, 6H), 7.28 (m, 4H), 7.53 (dd, 2H), 7.94 (dd, 

2H), 8.07 (dd, 2H), 8.28 (m, 4H), 8.48 (d, 4H), 8.60 (d, 2H), 8.67 (d, 2H), 9.30 (d, 2H).

Synthesis o f  [Ru(bpy)2(P0P)2].(PF6)2

[Ru(bpy)2Cl2].2H20  (250 mg, 4.8 x 10"4 mol) and AgNCb (163 mg, 9.6 x 10'3 mol) were 

refluxed in a 1:1 EtOH/HzO solution (10 ml) until the formation of a grey precipitate 

was observed. This precipitate was removed by filtration and the filtrate returned to the 

reaction flask. POP ligand (750 mg, 4.8 x 10'3 mol) was dissolved in Et0 H/H20 and 

added to the filtrate and this was refluxed until the solution was bright orange in colour. 

The ethanol was removed in vacuo and the aqueous solution was left at 4°C overnight. 

The excess unreacted ligand was removed by filtration and a saturated solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

band to elute. The yield of pure product was 277mg (57%).
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JH NMR (400 MHz, ¿¿-acetone) 5 = 7.59 (dd, 2H), 7.72 (d, 4H), 7.85 (d, 4H), 7.98 (dd, 

2H), 8.14 (dd, 2H), 8.32 (m, 4H), 8.64 (d, 2H), 8.71 (m, 6H), 8.87 (d, 4H), 9.43 (d, 2H).

Synthesis o f  [Ru(bpy)2(P2P)2](PF6)2

[Ru(bpy)2Cl2].2H20 (250 mg, 4.8 x 104  mol) and AgNC>3 (163 mg, 9.6 x 10'3 mol) were 

refluxed in a 1:1 Et0H/H20  solution (10 ml) until the formation of a grey precipitate 

was observed. This precipitate was removed by filtration and the filtrate returned to the 

reaction flask. P2P ligand (1.76 g, 9.6 x 10"3 mol) was dissolved in Et0H/H20  and added 

to the filtrate and this was refluxed until the solution was bright orange in colour. The 

ethanol was removed in vacuo and the aqueous solution was left at 4°C overnight. The 

excess unreacted ligand was removed by filtration and a saturated solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

band to elute. The yield of pure product was 230 mg (46%).

:H NMR (400 MHz, ¿¿-acetone) 5 = 3.06 (s, 8H), 7.34 (d, 4H), 7.42 (m, 4H), 7.53 (dd, 

2H), 7.93 (dd, 2H), 8.08 (dd, 2H), 8.28 (m, 4H), 8.55 (m, 5H), 8.68 (d, 2H), 9.25 (d, 

2H).

Synthesis o f  [Ru(bpy)2(P3P)2](PF6)2

[Ru(bpy)2Cl2].2H20  (250 mg, 4.8 x 104 mol) and AgNC>3 (163 mg, 9.6 x 1 O'3 mol) were 

refluxed in a 1:1 Et0H/H20  solution (10 ml) until the formation of a grey precipitate 

was observed. This precipitate was removed by filtration and the filtrate returned to the 

reaction flask. P3P (1.90 g, 9.6 x 1 O'3mol) was dissolved in Et0H/H20  and added to the 

filtrate and this was refluxed until the solution was bright orange in colour. The ethanol 

was removed in vacuo and the aqueous solution was left at 4°C overnight. The excess 

unreacted ligand was removed by filtration and a saturated solution of ammonium
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hexafluorophosphate was added to the filtrate to precipitate an orange product which 

was isolated by filtration. This product was washed with water and dried with 

diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

band to elute. The yield of pure product was 230 mg (44%).

*H NMR (400 MHz, ¿¿-acetone) 5 = 2.07 (m, 8H), 3.06 (s, 4H), 7.26 (m, 8H), 7.53 (dd, 

2H), 7.94 (dd, 2H), 8.07 (dd, 2H), 8.28 (m, 3H), 8.47 (m, 3H), 8.59 (d, 2H), 8.66 (d, 

2H), 9.25 (d, 2H).

Synthesis o f  [Ru(bpy)2(PEP)2](PF6)2

[Ru(bpy)2Cl2].2H20 (250 mg, 4.8 x 104 mol) and AgN03 (163mg, 9.6 x 10'3 mol) were 

refluxed in a 1:1 Et0H/H20  solution (10 ml) until the formation of a grey precipitate 

was observed. This precipitate was removed by filtration and the filtrate returned to the 

reaction flask. PEP ligand (1.76 g, 9.6 x 10‘3 mol) was dissolved in Et0H/H20  and 

added to the filtrate and this was refluxed until the solution was bright orange in colour, 

The ethanol was removed in vacuo and the aqueous solution was left at 4°C overnight. 

The excess unreacted ligand was removed by filtration and a saturated solution of 

ammonium hexafluorophosphate was added to the filtrate to precipitate an orange 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

band to elute. The yield of pure product was 260 mg (51%).

'H NMR (400 MHz, ¿¿-acetone) 5 = 7.43 (dd, 2H), 7.56 (m, 8H), 7.74 (d, 4H), 7.84 (dd, 

2H), 7.97 (dd, 2H), 8.17 (m, 4H), 8.49 (d, 2H), 8.56 (d, 2H), 8.61 (m, 8H), 9.27 (d, 2H).
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Synthesis o f  [Os(bpy)2(POP)2](PF6)2

[0 s(bpy)2Cl2].2H20  (250 mg, 4.1 lxlO'4 mol) and AgNCh (140 mg, 8.22x1 O'4 mol) were 

refluxed in a 1:1 ethylene glycol/H20  solution (10 ml) until the formation of a grey 

precipitate was observed. This precipitate was removed by filtration and the filtrate 

returned to the reaction flask. POP ligand (640 mg, 4.11x103 mol) was dissolved in 

ethylene glycol/H20  and added to the filtrate and this was refluxed for 96 hours. At this 

stage the solution was green/brown in colour. The solution was left at 4°C overnight. 

The excess unreacted ligand was removed by filtration and a saturated aqueous solution 

of ammonium hexafluorophosphate was added to the filtrate to precipitate a brown/green 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

green band to elute. The yield of pure product was 150 mg (33 %).

'H NMR (400 MHz, ¿¿-acetone) 5 = 7.50 (dd, 2H), 7.79 (m, 8H), 7.92 (m, 4H), 8.08 (dd, 

2H), 8.20 (d, 2H), 8.62 (d, 2H), 8.71 (m, 6H), 8.83 (m, 6H), 9.26 (d, 2H).

Synthesis o f  [Os(bpy)2(P2P)2](PF6)2

[Os(bpy)2Cl2].2H20  (250 mg, 4.1 lx l O'4 mol) and AgN03 (140 mg, 8.22x1 O'4 mol) were 

refuxed in a 1:1 ethylene glycol/H20  solution (10 ml) until the formation of a grey 

precipitate was observed. This precipitate was removed by filtration and the filtrate 

returned to the reaction flask. P2P ligand (756 mg, 4.11xl0 '3 mol) was dissolved in 

ethylene glycol/H20  and added to the filtrate and this was refluxed for 96 hours. At this 

stage the solution was green/brown in colour. The solution was allowed to stand at 4°C 

overnight. The excess unreacted ligand was removed by filtration and a saturated 

aqueous solution of ammonium hexafluorophosphate was added to the filtrate to 

precipitate a brown/green product which was isolated by filtration. This product was 

washed with water and dried with diethylether. The product was purified by column 

chromatography (silica gel, 80% acetonitrile, 20% water, 0.05M KNO3). The desired
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product was collected as the second green band to elute. The yield of pure product was 

134 mg (28 %).

'h  NMR (400 MHz, ¿/¿-acetone) 5 = 3.02 (m, 8H), 7.36 (m, 10H), 7.86 (m, 4H), 8.04 

(dd, 2H), 8.13 (d, 2H), 8.44 (d, 4H), 8.57 (d, 4H), 8.65 (d, 4H), 9.07 (d, 2H).

Synthesis o f  [Os(bpy)2(P3P)2](PF6)2

[0 s(bpy)2Cl2].2H20  (250 mg, 4.1 lxlO'4 mol) and AgNCh (140 mg, 8.22x1 O'4 mol) were 

refluxed in a 1:1 ethylene glycol/H20  solution (10 ml) until the formation of a grey 

precipitate was observed. This precipitate was removed by filtration and the filtrate 

returned to the reaction flask. P3P ligand (813 mg, 4.11xl0 '3 mol) was dissolved in 

ethylene glycol/H20  and added to the filtrate and this was refluxed for 96 hours. At this 

stage the solution was green/brown in colour. The solution was left at 4°C overnight. 

The excess unreacted ligand was removed by filtration and a saturated aqueous solution 

of ammonium hexafluorophosphate was added to the filtrate to precipitate a brown/green 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

green band to elute. The yield of pure product was 190 mg (39 %).

’H NMR (400 MHz, ¿/¿-acetone) 5 = 2.77 (s, 4H), 3.07 (s, 8H), 7.28 (dd, 2H), 7.39 (m, 

4H), 7.84 (m, 4H), 8.06 (m, 8H), 8.54 (m, 8H), 8.91 (m, 4H), 9.06 (d, 2H).

Synthesis o f  [Os(bpy)2(PEP)2](PF6)2

[0 s(bpy)2Cl2].2H20  (250 mg, 4.1 lx l0-4 mol) and AgNOs (140 mg, 8.22xl0'4mol) were 

refluxed in a 1:1 ethylene glycol/H20  solution (10 ml) until the formation of a grey 

precipitate was observed. This precipitate was removed by filtration and the filtrate 

returned to the reaction flask. PEP ligand (748 mg, 4.11xl0"3 mol) was dissolved in 

ethylene glycol/H20  and added to the filtrate and this was refluxed for 96 hours. At this
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stage the solution was green/brown in colour. The solution was left at 4°C overnight. 

The excess unreacted ligand was removed by filtration and a saturated aqueous solution 

of ammonium hexafluorophosphate was added to the filtrate to precipitate a brown/green 

product which was isolated by filtration. This product was washed with water and dried 

with diethylether. The product was purified by column chromatography (silica gel, 80% 

acetonitrile, 20% water, 0.05M KNO3). The desired product was collected as the second 

green band to elute. The yield of pure product was 141 mg (29 %).

]H NMR (400 MHz, ¿¿-acetone) 5 = 7.21 (dd, 2H), 7.34 (m, 10H), 7.63 (m, 6H), 7.80 

(dd, 2H), 7.93 (d, 2H), 8.38 (m, 12H), 8.94 (d, 2H).

6.3 Discussion of the synthesis of the monomers:

In general the synthesis of both types of ruthenium(II) complexes proved slightly easier 

than for the osmium(II) complexes which was expected considering the unreactive 

nature of osmium. Problems arose for several reasons. The first is that the ligands being 

used are monodentate. For bidentate ligands, coordination of the first nitrogen places the 

second nitrogen in an orientation that favours the binding of the second nitrogen to the 

metal centre. This does not occur for monodentate ligands, and coordination of the first 

ligand actually hinders replacement of the second chloride by a second monodentate 

ligand. For the bidentate ligands introduced in Chapter 3, reaction of the 

[Ru(bpy)2Cl2] 2H20  with the LLX ligands in refluxing ethanol/water led to the 

replacement of both chlorides by the bidentate ligands. The mechanism was that the 

solvent molecules first replace the chlorides, and the solvent molecules are replaced in 

turn by the ligand. This reaction mechanism works for the monodentate PnP ligands, but 

the yield of the reaction becomes very low, with the major products being the 

monosubstitued chloro or aquo complexes.

Synthesis of the complexes of the type [M(bpy)2(PnP)2](PF6)2 did not prove simple. 

Several different methods were employed to improve the yield of the reactions. The
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most important was the pre-removal of the two chloride ions from the starting material. 

This was done using silver nitrate. Addition of two molar equivalents of AgN03 to a 

suspension of [Ru(bpy)2Cl2].2H2C) in refluxing ethanol/water leads to the complexation 

of the chloride ions by the silver which precipitates a grey/white solid, AgCl, and leads 

to the subsequent binding of water molecules to the vacant coordination sites on the 

metal. Filtration of the solution at this stage removes the AgCl and the filtrate is returned 

to the reaction vessel. A large excess of the ligand is added to force the replacement of 

the water molecules from the metal centre by the desired monodentate ligands. After the 

reaction is complete, the ethanol is removed in vacuo, and the solution cooled at 4°C 

overnight. This precipitates much of the excess ligand which is then removed by 

filtration. The addition of a saturated aqueous solution of NH4PF6 leads to the 

precipitation of the complex from the aqueous solution.

The purity of the compounds was checked at this stage using TLC and HPLC. Further 

purification was necessary in most cases and this was generally performed by column 

chromatography on silica gel, using a 4:1 MeCN:H20 mobile phase which contained 

0.05M KNO3 as a buffer. The desired band was generally the second band to elute. After 

the purity was determined again by HPLC and the compounds were analysed by 'H 

NMR spectroscopy. The results of this analysis follow in the next sections.

The synthesis of the osmium(II) complexes was carried out in similar fashion. Ethylene 

glycol was used instead of ethanol to provide a higher refluxing temperature. Due to the 

high boiling point of ethylene glycol, it was not removed after the reaction, the reaction 

solution was cooled overnight, filtered and the product precipitated using a saturated 

aqueous solution of NH4PF6. The osmium(II) complexes were purified in a similar way 

to the ruthenium(II) complexes.

The complexes of the type [Ru(bpy)2(L)Cl]+ were simpler to synthesise than either the 

[Ru(bpy)2(L)2]2+ or [Os(bpy)2(L)2]2+ where L = POP, P2P, P3P or PEP. As only one of 

the chlorides was being removed, the reactions were carried in MeOH. A 1:1 ratio of 

ligand to metal was used. Problems were found to arise if water was used at any stage of
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the reaction, as this led to exchange of the second chloride, resulting in a mixture of both 

the aquo complex and the chloro complex in solution. Purification was therefore carried 

out on alumina using MeCN as eluent. It is important at this stage however to discuss the 

aquo/chloro issue more. The displacement of chloride ions for water molecules is well 

known and has been reported for the complex [Ru(bpy)2(py)Cl]+ (where py = pyridine). 

61,62 The studies indicated that loss of the chloride ion rather than the monodentate 

pyridine ligand was favoured in water. In contrast, loss of the PEP ligand is expected on 

irradiation of the [Ru(bpy)2(PEP)Cl]+ complex in organic solvents such as acetonitrile or 

acetone. 2,63 These studies have been assigned by comparison of the UV/Vis spectra of 

the photoproducts with those of known complexes. For example, irradiation of the the 

[Ru(bpy)2(PEP)Cl]+ complex in acetonitrile results in a product with a of 481 nm. 

This compares to the value reported in literature of 480 nm for the complex 

[Ru(bpy)2(MeCN)Cl]+. 63 The photostability of the complex [Ru(bpy)2(PEP)Cl]+ has 

also been performed in aqueous solution. Following irradiation with visible light, dilute 

suspensions of the complex form solutions which exhibit an absorption maximum at 468 

nm. This agrees closely with the value reported by Meyer et al. 64,65 for 

[Ru(bpy)2(py)(H20)]2+of 470 nm.

From these studies it is apparent that great care must be taken in order to ensure the 

[Ru(bpy)2(PnP)Cl]+ products retains both the PnP ligand and also the Cl' ion in solution. 

As has been detailed in the previous section, care has been taken to avoid using water in 

the reaction to synthesise these complexes, or the purification process of these 

complexes. Care has also been taken to avoid the exposure of solutions of these 

complexes to light. The results presented in the following section in relation to the 

[Ru(bpy)2(PnP)Cl]+ can safely be assigned to results corresponding to that complex and 

not the aquo or solvated analogue. This problem is a pertinent problem in the synthesis 

and use of these complexes, and is discussed further in Chapter 7.
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As in the case of the previous chapters lH NMR spectroscopy has proven to be the most 

valuable tool is assigning the structure and determining the purity of these complexes. 

’H NMR spectroscopy not only allows the percentage purity of the crude products to be 

determined, but will also give a good indication as to the nature of the impurities present 

in the sample which is a useful aid in the purification process of a complex. Because of 

the symmetrical nature of the complex of the type [M(bpy)2(PnP)2]2+ (where M = Ru or 

Os) both the bipyridyl protons and the PnP protons have been completely assigned. This 

symmetry means that each signal in the XH NMR spectrum actually represents two 

equivalent protons, and therefore the number of signals observed is halved in 

comparison to asymmetrical [Ru(bpy)2(PnP)Cl]+ complexes. This asymmetry leads to

each proton being represented by an individual signal making the assignment more
2+

complicated. Figure 6.4 illustrates the symmetry found for the [M(bpy)2(PnP)2] 

complexes.

Figure 6.3 Illustration and labelling o f  the protons in the 

complexes o f  the type [M(bpy)2(PnP)2] 2+
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Unlike the spectra of the complexes discussed in Chapters 3, 4 and 5 it proved 

possible to assign the 2,2’-bipyridyl protons in the case of these complexes. Once again 

2D COSY NMR proved useful in the assignment of the spectra. Representative 2D 

COSY spectra are presented in Figures 6.4 and 6.5. The assignment ofthe spectra follow 

in Table 6.4, 6.5,6.6 and 6.7.
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Figure 6.4 2D COSY NMR o f  the complex [Ru(bpy)2(P0P)2](PF6)2 in d6-acetone.

Figure 6.5 2D COSY NMR o f  the complex [Os(bpy)2(POP)2](PF6 )2 in d6-acetone.
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Compound h 3 h 4 h 5 h 6 H3’ Ht’ H5’ W

2,2 ’ bpy 8.48 7.93 7.42 8.67

[Ru(bpy)2(picolene)2]2H 8.55 8.15 7.80 9.18 8.47 7.93 7.39 8.14

[Ru(bpy)2(P0P)2]2+ 8.71 8.32 7.97 9.43 8.65 8.13 7.58 8.33

[Ru(bpy)2(PEP)2]2+ 8.66 8.24 7.89 9.10 8.61 8.05 7.50 7.96

[Ru(bpy)2(P2P)2]2+ 8.68 8.28 7.92 9.24 8.59 7.92 7.53 8.25

[Ru(bpy)2(P3P)2]2+ 8.54 8.15 7.80 9.12 8.46 7.93 7.38 8.10

Table 6.4 Assignment o f  the bpy protons fo r  the complexes [Ru(bpy)2(PnP)2](P F ^2■ All 

measurements have been performed in de-acetone and are measured in ppm vs M e 4Si.

Compound h 3 H4 h 5 H6 H3’ H4’ H5’ H6’

[Os(bpy)2(POP)2]2+ 8.63 8.07 7.79 9.24 8.60 7.89 7.51 8.19

[Os(bpy)2(PEP)2]2+ 8.40 7.84 7.68 9.01 8.40 7.60 7.32 7.93

[Os(bpy)2(P2P )2]2+ 8.66 8.04 7.85 9.08 8.58 7.85 7.41 8.13

[Os(bpy)2(P3P)2]2+ 8.52 8.06 7.78 9.01 8.33 7.75 7.36 7.97

Table 6.5 Assignment o f  the bpy protons fo r  the complexes [Os(bpy) 2(PnP) 2] (PFtj) 2- All 

measurements have been performed in de-acetone and are measured in ppm vs Me4Si.

Compound Ha Hb Ho Hd

[Ru(bpy)2(picolene)2]2+ 8.34 7.14

[Ru(bpy)2(P0P)2]2+ 8.71 7.73 7.85 8.71

[Ru(bpy)2(PEP)2]2+ 8.41 7.57 7.57 8.61

[Ru(bpy)2(P2P)2]2+ 8.49 7.35 7.52 8.49

[Ru(bpy)2(P3P)2]2+ 8.41 7.18 7.02 8.34

Table 6.6 Assignment o f  the aromatic PnP protons fo r  the complexes 
[Ru(bpy)2(PnP)2].(PF6)2 in d6-acetone.
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Compound Ha Hb Ho H,

[Os(bpyMPOP)]2+ 8.83 7.80 7.80 8.83

[Os(bpy)2(PEP)2]2+ 8.40 7.35 7.35 8.40

[Os(bpy)2(P2P)]2+ 8.45 7.32 7.32 8.45

[Os(bpy)2(P3P)2]2+ 8.62 7.27 7.27 8.62

Table 6.7 Assignment o f  the aromatic PnP protons fo r  the complexes 

[Os(bpy)2(PnP)2].(PF6) 2- A ll measurements have been performed in d6-acetone and are

measured in ppm vs Me4Si.

Comparison of the spectra of the ruthenium and osmium analogues shows that the 

protons of the osmium(II) bound ligands are found at higher field than those of the 

analogous ruthenium(II) bound ligands (Figure 6 .6). This has been observed in earlier 

chapters (comparison of spectra in Chapters 3 and 4), and is due to the greater shielding 

effect experienced by the ligands in osmium complexes because of the relatively 

stronger metal d7t—>7i*(bpy) back donation compared to ruthenium. (The Os(IT) orbitals 

are higher in energy). This phenomenon is illustrated in Figure 6 .6 .

Figure 6.7 represents a typical spectrum of a [Ru(bpy)2(PnP)2]2+ complex, while Figure 

6.8 represents a typical spectrum of an [Os(bpy)2(PnP)2]2+ complex. The broadening of 

some of the peaks should be noted, for example the peaks at 7.42 and 8.56 ppm in 

Figure 6.7 and at 7.33 and 8.51 ppm in Figure 6 .8. This broadening effect on these 

signals are most likely due to hindered rotation of the coordinated pyridyl rings of the 

PnP ligands.
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ppm

Figure 6.6 Comparison o f  the ^N M R  spectra o f [Os(bpy)2(POP)2]2+ and [Ru(bpy)2(P0P)2]2+.

Both in de-acetone.

|

I------------ '------------ 1------------ '------------ 1------------ '------------ 1------------ '------------ 1------------ '------------ 1
9.5 9.0 8.5 8.0 7.5 7.0

ppm

Figure 6.7 Illustrative JH  NMR o f  [Ru(bpy)2(P2P)2] 2+ in d<racetone.
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ppm
Figure 6.8 Illustrative ]H  NMR of[Os(bpy)2(P2P)2]2̂  in di-acetone.

A fingerprint proton can be identified in the spectra of each of these complexes. It is 

shifted downfield relative to the other protons. The reason for this becomes clear when 

the three dimensional structure of the complex is considered. An illustration of this can 

be seen in Figure 6.3. An analogy can be drawn between the H6 proton being discussed 

here and the Hi protons discussed in the *H NMR sections of Chapters 3 and 4. The H, 

protons were shifted upfield dramatically on coordination of the ligand to the metal 

centre. The H  protons experience a diamagnetic anisotropic effect is caused by the 

interaction of the proton with the ring current of a neighbouring 2,2 ’-bipyridyl unit.

The H6 proton on the other hand, interacts with the aromatic pyridyl ring of the PnP 

ligand which is bound to the ruthenium(II) (or osmium(II)) centre. This pyridyl ring is 

free to rotate due to the monodentate bond of the PnP ligand to the metal, unlike in the 

H; protons discussed above. Therefore the H6 proton does not sit in the ring current of a 

static aromatic ring, instead it experiences an increase in electron density caused by the 

electron cloud surrounding the spinning aromatic ring -  causing it to shift to higher ppm.
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This is seen for the spectra of both the ruthenium and osmium complexes of the type 

[M(bpy)2(PnP)2]2+.

The second type of complex is that containing one PnP ligand and a chloride ion, 

[Ru(bpy)2(PnP)Cl]+. As discussed already, the chloride ion removes the symmetry found 

in the complexes, causing each proton to give an individual signal, resulting in 24 

discrete signals in the aromatic region. Many of these signals overlay each other and 

elucidation of the spectrum becomes very difficult. Once again however a fingerprint 

proton is found for these complexes. The H6 proton is shifted to even higher ppm for 

these complexes than for the complexes of the type [M(bpy)2(PnP)2]2+. This is illustrated 

in Figure 6.9.

-----------------1---------------------------------------------1--------------------------------------------- 1---------------------------------------------1-------------------------------------------- 1---------------------------------------------1---------------------------------------------1-------------------------------------------- 1------------------------------------

1 0 9 8 7

ppm

Figure 6.9 'H N M R o f  the complex [Ru(bpy)2(P2P)CJJ+ in d6-acetone. Typical o f  the 1H  

NMR o f  the [Ru(bpy) 2(PnP)Cl]+ complexes.
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The orientation of the H6 proton is such that its nearest “neighbour” is the chloride ion, 

and not the rotating aromatic ring experienced by the H6 protons in the 

[M(bpy)2(PnP)2]2+ complexes, or the ring current of a neighbouring 2,2’-bipyridyl ring 

as in the case of [Ru(bpy)3]2+. This is illustrated graphically in Figure 6.10. The lack of 

interaction with an aromatic ring leaves the H6 proton further downfield than could be 

expected. Table 6.5 below details the positions of the H6 protons in the complexes of 

interest.

Comparison of the position of the H6 protons of the [Ru(bpy)2(PnP)2]2+ complexes with 

the H6 protons of the [Ru(bpy)2(PnP)Cl] ' complexes show clearly a difference to higher 

ppm of circa 1 ppm in the chemical shift of the protons. As discussed the complexity of 

the spectra of the [Ru(bpy)2(PnP)Cl]+ ligands prevents assignment of the protons. The 

chemical shifts of the fingerprint H6 protons are given in Table 6 .8 .

Compound Position of H6 proton
(ppm) in [Ru(bpy)2(PnP)Cl]+

[Ru(bpy)2(POP)Cir 10.09

[Ru(bpy)2(PEP)Cl]+ 10.05

[Ru(bpy)2(P2P)Cl]+ 10.07

[Ru(bpy)2(P3P)Cl]+ 10.07

Table 6.8 Positions o f  the H 6 protons o f  the [Ru(bpy) 2(PnP)Cl]+ complexes in de-

acetone.
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H6 proton of bipryidyl ring
interacts with Cl- ion.

Figure 6.10 Illustration o f  the interaction between the H 6 proton o f  

the bipyridyl ring with the CT ion which results in the large downfield 

shift observed in the !H  NMR o f  these complexes.

6.5 Photophysics of the complexes

The photophysical behaviour of the complexes of the ruthenium(II) and osmium 

bipyridyl complexes of the POP, P2P, P3P and PEP ligands have been investigated in a 

number of ways. Extensive analysis of the absorption and emission spectra has been 

performed and the lifetime measurements of the samples in aerated and degassed 

solutions, and in a glassy matrix at 77K have also been performed. The results of these 

experiments are detailed in the diagrams and the tables below.
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W avelength (nm)

Figure 6.11 Absorption spectra o f  the [Ru(bpy)2(PnP)2] 2+ complexes inMeCN.

Wavelength (nm)

Figure 6.12 Absorption spectra o f  the [Ru(bpy)2(PnP)Cl]+ complexes inMeCN.
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Wavelength (nm)

Figure 6.13 Absorption spectra ofthe[O s(bpy)2(PnP)2] 2+ complexes inMeCN.

The discussion of the absorption (Figures 6.11, 6.12 and 6.13 ) and the emission 

(Figures 6.15 and 6.16) spectra of the complexes has been divided into a separate 

examination of the three types of complex, i.e. [Ru(bpy)2(PnP)2]2+, [Ru(bpy)2(PnP)Cl]+ 

and [Os(bpy)2(PnP)2]2+. Both [Ru(bpy)3]2+ is used for comparison with the ruthenium 

complexes and [Os(bpy)3]2+ for comparison with the osmium complexes.
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W avelength (nm)

Figure 6.14 Comparison o f  the absorption spectra o f  [Ru(bpy)3] 2+ with 

[Ru(bpy)2(P0P)2]2+ and [Ru(bpy)2(P0P)ClJ+ inMeCN.

The absorption spectra of the [Ru(bpy)2(PnP)2]2+ complexes contain ligand centred (LC) 

7i—>71* (bpy) based transitions at circa 290 nm. A new absorption band in comparison to 

the spectrum of [Ru(bpy)3]2+ (Figure 6.14) in the region 320 nm to 400 nm has appeared. 

Comparison of this band to the free PnP ligands shows that this band may be attributed 

to a ligand centred (LC) n—>n* transitions on the PnP ligands. The bands which are of 

most interest in these complexes are the d7t—>7i* metal to ligand charge transfer (MLCT) 

bands. These are very intense bands with extinction coefficients typically in the range of 

104 M^cm"1. The position of these bands say much about the electronic structure of the 

complex.66 Strong a-donating ligands are electron rich, and coordination of these ligands 

result in the ruthenium being more electron rich and this causes the MLCT band to be 

shifted to the red (i.e. to lower energy).67 As discussed in Chapter 1.6 and 3.1, ruthenium 

complexes of imidazole, benzimidazole and triazole ligands have absorption spectra 

whose MLCT bands have been shifted to lower energy due to the a-donating properties
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of the ligands. However in this case, the ligands that have been introduced are bipyridyl 

ligands also, and therefore it is not expected that the position of this band should change 

much as the a-donating and 7i-accepting properties of 4,4’-bipyridyl and the related 

ligands are expected to be almost the same as that found for 2,2’ bipyridyl. This is found 

to be the case, and from Figure 6.14 it can be seen that the A,max of the absorption 

changes little when comparing [Ru(bpy)3]2+ and [Ru(bpy)2(PnP)2]2+. As expected, the 

1MLCT band of the [Ru(bpy)2(PnP)2]2+ complex has a higher extinction coefficient.

The 1MLCT band of the [Ru(bpy)2(PnP)Cl]+ complex differs in the position of the 

1MLCT band which is shifted to lower energy. This is due to the presence of the chloride 

ion, which affects the 1MLCT level of the complex, moving it to lower energy because 

the chloride ion destabilises the ground state. As discussed in Section 6.3 the UV/Vis 

spectra of the complexes is the most effective proof that the complex continues to 

contain the chloride ion in solution. Previous studies indicate that the ^max of the 

complexes should shift to circa 480 nm should the PnP ligand be replaced by MeCN, 

and be further blue shifted, to circa 470 nm on replacement of the chloride by water. 

The L «  of the 1MLCT bands of the [Ru(bpy)2(PnP)Cl]+ complexes fall between 492 

nm and 503 nm which is an excellent indication that the chloride ion remains bound to 

the ruthenium centre.

Replacement of the ruthenium(II) metal centre with osmium(II) causes a shift to lower 

energy of the MLCT absorption bands. This has been observed for other systems, and is 

due to the higher energy of the osmium 5d orbitals, compared to the ruthenium 4d 

orbitals. 68 Absorption bands that are not present in the absorption spectra of the 

ruthenium analogues in the range 600-660 nm can be assigned to formally forbidden 

drc—>7t* bpy MLCT transitions, which becomes partially allowed due to the increased 

spin orbit coupling associated with the larger osmium ion. 69 These bands are centred 

between 620 and 630 nm for the [Os(bpy)2(PnP)2]2+ complexes.
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-------- lRu(bpy),t?OP)Crr
----(MflWlPJtt.r
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Figure 6.15 Emission spectra o f  the [Ru(bpy)2(P3P)2f " (red) and [Ru(bpy)i(POP)Cl]

(blue) complexes in MeCN.

4.5

4.0 -

3.5 -

3 .0  -

2 .5  -

2.0 -

1.5 -  

U0 -  

0.5

W avelength (nm)

Figure 6.16 Emission spectra o f the [Os(bpy)2(POP)2J:! * (red) and [Os(bpy)2(P 2P )z(b lue)

complexes in MeCN.
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Compound Absorption Emission

Timax (nm)
1 1. m̂ax (nm), -̂max (nm),

8 (M cm )
298K 77K

[Ru(bpy)2(Picolene)2]2+ 290 38,000 620 596

335 9,200
463 5700

[Ru(bpy)2(POP)2]2+ 288 45,300 615 595

368 13,800
430 11,800

[Ru(bpy)2(P2P)2]2+ 290 41,300
620 606

338 11,700

458 6,500

[Ru(bpy)2(P3P)2]2+ 290 48,700 620 605

335 13,000
450 7,400

[Ru(bpy)2(PEP)2]2+ 291 44,300
618 601

438 11,500

[Ru(bpy)2(POP)Cl]+ 291 53,000 722 685

380 12,600
492 13,000

[Ru(bpy)2(P2P)Cl]+ 293 47,500
730 696

354 10,600

503 8,000

[Ru(bpy)2(P3P)Cl]+ 290 48,700
720 695

335 13,070

503 7,400

[Ru(bpy)2(PEP)Cl]+ 293 42,000
414 13,300 718 690
495 8,100

Table 6.9 Results o f  absorption and emission measurements ofRu(II) complexes inMeCN.

280



Chapter 6: Ruthenium(II) & Osmium(II) Monomers as precursors to the Synthesis o f Surface Active Dinuclear Complexes:

Compound Absorption Emission

Âmax (nm)
s (M’1cm’1) 

xlO 4

Xmax (nm), 

298K

Xmax (nm), 

77K

[Os(bpy)2(POP)2]2+ 293 7.94
386 1.97 744 721
475 1.34
623 0.29

[Os(bpy)2(P2P )2]2+ 293 8.83
344 2.87 759 752
444 1.91

632 0.39

[Os(bpy)2(P3P)2]2+ 293 10.8

342 3.24 757 749
442 2.31

617 0.55

[Os(bpy)2(PEP)2]2+ 294 10.6

398
480

3.28
2.46

749 725

630 5.4

Table 6.10 Absorption and Emission data from  the osmium(II) complexes inMeCN.

The compounds studied, exhibit luminescence at room temperature and at 77K. This 

emission originates from a triplet MLCT state. 67 The ruthenium(II) N6 compounds emit 

around 620 nm which is comparable to the room temperature emission of [Ru(bpy)3]2+. 

However, this emission is weak at room temperature. There are a number of reasons for 

this. The strength of the emission is determined by the contribution of and the ratio 

between the radiative (kr) and the non-radiative (k„r) deactivation pathways present for a 

complex. Although the energy of the emission is the same for the [Ru(bpy)2(PnP)2]2+ 

complexes and [Ru(bpy)3]2+ the intensity is greatly reduced, i.e. for the 

[Ru(bpy)2(PnP)2]2+ complexes the non radiative deactivation pathways contribution is 

greater than for the parent complex. This can be readily explained. [Ru(bpy)s]2+ contains
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three bidentate ligands, with the nature of the bidentate bond restricting the movement of 

the ligands. Compare this to the case of the [Ru(bpy)2(P0P)2]2+ for example which 

contains two “rigid” 2,2’-bipyridyl units, but also has two 4,4’-bipyridyl moieties which 

are monodentate coordinationed. The monodentate nature of their coordination to the 

metal provides both the pyridine rings bound to the metal free rotation, while the 

pendant arms can also dissipate energy efficiently. 39

At 77K, all the complexes exhibit strong emission with vibrational structure. This 

vibrational fíne structure has been attributed to relaxation via ligand-based vibrations. 70 

As expected cooling to 77K leads to a blue shift in the emission maxima of the 

complexes. 71 This has been introduced and discussed in earlier chapters and will not be 

explained again here. In order to discuss the emissive properties of the complexes in 

more detail, the luminescent lifetimes of the complexes should be examined. 

Experiments have also been performed to calculate the emission quantum yields. The 

lifetimes were measured using the single photon counting technique and were measured 

in the maxima of the emission. These results can be seen in Table 6 .11 and 6 .12.

Aerated RT Deaerated RT 77K

Compound x(ns) 4>(x 10"4) r(ns) Ofx icr4) t( h s )

[Ru(bpy)2(P0P)2]2+ 0.9 1 1.1 1 4.2

[Ru(bpy)2(P2P)2]2+ 1.7 2 1.6 2 3

[Ru(bpy)2(P3P)2]2+ 2.3 1.7 2.9 2 4

[Ru(bpy)2(PEP)2]2+ 1.2 1.1 1.4 1 3.7

[Ru(bpy)2(P0P)Cl]+ 32 8 46 11 0.7

[Ru(bpy)2(P2P)Cl]+ 37 7 54 11 0.6

[Ru(bpy)2(P3 P)C1]+ 35 7 56 10 0.7

[Ru(bpy)2(PEP)Cl]+ 29 6.3 37 9 0.58

Table 6.11 Results o f  Emission Quantum Yield and Excited State Lifetime experiments. 

A ll measurements at 298Kin MeCN, at 77K in butyronitrile

282



Chapter 6: Ruthenmm(II) & Osmium(II) Monomers as precursors to the Synthesis o f  Surface Active Dinuclear Complexes:

Compound T, aerated 

(ns)

T, deaerated

(ns)

T, 77K 

(ns)

[Os(bpy)2(POP)2]2' 31 46 670

[Os(bpy)2(P2P)2]2+ 25 37 478

[Os(bpyMP3P)2]2+ 25 35 506

[Os(bpy)2(PEP)2]2+ 28 38 617

Table 6.12 Results o f  the excited state lifetime measurements on the 

[Os(bpy)2(PnP) ¿]2 complexes.

The emission of the [Ru(bpy)2(PnP)Cl]' differs from that of the RuN6 complexes. At 

room temperature the [Ru(bpy)2(PnP)Cl]+ complexes have a weak emission at around 

720 -  730 nm. There are several reasons for this lack of emission. The chloride lowers 

the 3MC state of the complex while also raising the ground state. The 3MC state is a 

thermally populated state and therefore at room temperature, lowering the energy of the 

state allows it to be populated more easily. The chloride also affects the 3MLCT level of 

the complex, moving it to lower energy. This then leads to a shortening of the lifetime, 

which is due to the energy gap law. Also, as discussed for the N6 complex, these 

compounds contain monodentate ligands and the freedom of motion provided by this 

mode of coordination leads to loss of the intensity of the emission.

The emission maxima of the osmium complexes also occurs at lower energy than those 

of the analogous ruthenium(II) complexes. This is as expected and this observation is in 

agreement with the lower oxidation potentials observed for the osmium complexes in 

comparison with their ruthenium counterparts.

The lifetime data of the complexes can be explained by comparison to the luminescence 

properties of the complexes. The weakly emitting RuN6 complexes have a short 

lifetime, and this can be associated with the efficient non-radiative decay processes 

afforded by the two pendant PnP ligands. The lifetime of the RuN5-Cl complexes are
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surprisingly long (between 9 and 11 ns in deaerated MeCN). Unlike the RuN6 

complexes the RuN5-Cl complexes have only one pendant PnP ligand to dissipate the 

excited state energy. This leads to the RuN5-Cl having longer lifetimes at room 

temperature.

At 77K the lifetime for the RuN6 complexes increase to between 3 and 4.2 fxs. The 

RuN5-Cl complexes lifetimes increase to between 580 and 700 ns. The torsional rotation 

of the PnP ligands, which shorten the lifetime and lessens the intensity of the emission 

of both the RuN6 and RuN5-Cl complexes is “frozen” out in the glassy butyronitrile 

matrix at 77K. The lifetimes correlate more closely with the energy of the emission, with 

the higher energy emitting species (RuN6) having a longer lived excited state.

The lifetimes of the OsN6 complexes lie between 35 -  46 ns in deaerated MeCN and 

increase to between 500 -  700 ns at 77K. These values are typical for osmium N6 

complexes.
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6.6 Electrochemistry of the complexes:

One o f  the m ost important techniques used in the characterisation o f  the dinuclear 

com plexes synthesised using these monomeric precursors will be electrochemistry. Two 

techniques have been used extensively for the electrochemical characterisation o f  these 

com plexes, cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Of 

these cyclic voltammetry has proved the more important. Once again, the complexes 

[Ru(bpy)3]2+ (Section 3.11) and [Os(bpy)3]2+ (Section 4 .8) will be used as reference 

com plexes for comparison with the results obtained. Illustrative CVs o f  the three type o f  

com plex are presented in Figures 6.17, 6.18 and 6.19, while the results o f  the 

electrochemical analysis o f  the com plexes are listed in Table 6.13.

Potential / V vs Ag/Ag+

Figure 6.17 Overlay o f  the CVs of[Ru(bpy)2(P0P)Cl]+ (blue) and [Ru(bpy)2(P0 P)2] 2+ in

M eC N  with 0.1MTBABF4.
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Potential / V vs Ag/Ag+

Figure 6.18 C V of [Os(bpy)2(POP)2] 2+ inMeCNwith O.IMTBABF4.

Potential / V  vs Ag/Ag+

Figure 6.19 Overlay o f  the oxidation waves o f  the complexes [Ru(bpy)2(POP)Cl]+ (blue), 
[Os(bpy)2(POP) 2] 2' (green) and [Ru(bpy)2(POP)2J 2+ inM eC N  with O.IMTBABF4.
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Compound Oxidation potential, Reduction potential,

M(n)/M(m) Ligand based.

[Ru(bpy)2(picolene)2]z+
0.84

-1.75

-1.97

[Ru(bpy)2(P0P)2]2+
0.91

-1.73

-1.86

[Ru(bpy)2(P2P)2]2+
0.86

-1.75

-1.95

[Ru(bpy>2(P3P)2]2+
0.84

-1.75

-1.96

[Ru(bpy)2(PEP)2]2+ 0.89 -1.73

[Ru(bpy)2(P0P)Cl]+ 0.41 -1.86

[Ru(bpy)2(P2P)Cl]+ 0.38 -1.87

[Ru(bpy)2(P3P)Cl]+ 0.37 -1.88

tRu(bpy)2(PEP)Cl]+
0.40

-1.65

-1.89

[Os(bpy)2(POP)2]2+ 0.45 

1.67 (irr)
-1.65

[Os(bpy)2(P2P)2]2+ 0.39 -1.69

1.64 (irr) -1.91

[Os(bpy)2(P3P)2]2+ 0.38 -1.70

2.01 (irr) -1.92

[Os(bpy},(PEP)2]2+ 0.40  

1.94 (irr)
-1.71

Table 6.13 Oxidation and reduction potentials o f  the mononuclear ruthenium(II) and 

osmium(II) complexes (V vs Fc/Fc+). A ll measurements carried out in MeCNwith 0.1M

TBABF4.
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The electrochemical properties o f  these mononuclear com plexes have already been 

investigated and reported 5,6’7,i<A10,11 and so detailed analysis o f  the results is not 

necessary. It is important that the electrochemistry o f  these com plexes was carried out 

under the same experimental conditions as those o f  the dimeric com plexes which will be 

discussed in the next chapter as this will allow  for comparison o f  the monomers with the 

results obtained for the dimers.

The anodic region o f  the cyclic voltammograms exhibit w ell defined reversible metal- 

centred oxidation waves, while the cathodic region features waves which results from 

the reduction o f  the coordinated polypyridyl ligands. 67 As expected the oxidation 

potentials o f  the osmium compounds are approximately 400m V  lower than for those o f  

the analogous ruthenium complexes. This is consistent with the fact that the 5d orbitals
72.73 74-o f  osmium are higher in energy than the 4d orbitals o f  ruthenium. ’
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Potential / V  vs Ag/Ag+

2.4

Figure 6.19 Examination o f  the oxidation waves o f  the complexes [Os(bpy)2(P0P)2] 2+

(green), [Os(bpy)2(P2P)2]2+ (purple), [Os(bpy)2(P3P)2f  ' (blue) and,2+

[Os(bpy)2(PEP)2J2+ (red).
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Figure 6.19 illustrates an unusual process observed for each o f  the [Os(bpy)2(PnP)2]2+ 

complexes. A  second irreversible oxidation process is observed at higher potentials. This 

oxidation process has not been reported for these com plexes before, and this may be due 

to the width o f  the potential w indow  achieved during the electrochemical examination o f  

these com plexes, it is possible the other groups were unable to scan this far. Extreme 

care to exclude water from the organic media was taken and this is reflected in the 

electrochemical results achieved not only in this chapter but throughout the thesis. Two 

explanations for these oxidation wave are possible, and are examined in detail in 

Chapter 7.9.
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Chapter 7: 

Synthesis and Characterisation of a Series of Surface Active 

Dinuclear Ruthenium(II) and Osmium(II) Complexes 

Abstract:

Chapter 7 details the synthesis and preliminary investigations o f  a series o f  

homonuclear ruthenium(II) and heteronuclear osmium(II)/ruthenium(II) binuclear 

complexes. The monomeric complexes introduced in Chapter 6form  the subunits o f  the 

dinuclear complexes detailed here. The complexes take the fom \ 

[Ru(bpy)2(PnP)2(bpy)2RuClJ(PF6j3 and [Ru(bpy)2(PnP)2(bpy)2RuCl](PF6)3 where PnP 

4,4 ’-bipyridyl (POP), l,2-bis(4-pyridyl)ethylene (PEP), 1,2-bis(4-pyridyl)ethane 

(P2P), and 4 ,4 ’-trimethylenedipyridine (P3P). The dinuclear complexes have been 

designed in such a way as to allow the complexes to bind to a surface.

Characterisation has been carried out by elemental analysis and ]H NM R spectroscopy. 

The photophysical properties and electrochemical properties are discussed also. This 

chapter concludes with an attempt to attach one o f  the mixed metal Os-Ru dinuclear 

complexes to a Pt surface.
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7.1 Introduction:

Chapter 6 introduced a number of monomeric ruthenium(II) and osmium(Il) complexes 

based on variations of 4,4’-bipyridyl. These monodentate ligands were used to 

synthesise a series of ruthenium and osmium N6 complexes containing two 2,2’- 

bipyridyl rings and two monodentate PnP ligands. A series of N5-chloride ruthenium 

complexes were also synthesised.

This chapter details the synthesis of a series of dinuclear complexes based on these 

mononuclear complexes, using the PnP ligand as a bridge between two metal centres. 

Much attention is focussed on the synthesis of these complexes as the synthesis proved 

more difficult than expected. The characterisation of the complexes is discussed, and in 

particular, why a different approach had to be taken with these complexes in comparison 

to the other compounds discussed in this thesis. The photophysical properties of the 

dinuclear complexes are reported here, however further studies are needed to fully 

understand the excited state properties of the complexes. The solution phase 

electrochemistry of these complexes is also reported. Finally it has been shown for one 

of the complexes, that the complexes are indeed surface active, and a monolayer of a 

dinuclear complex on a surface has been formed.

7.2 Experimental.

The synthesis of the starting materials for these reaction has already been outlined in the 

previous chapter (Section 6.2), and will not be discussed further here. The synthesis of 

ci,s-[Ru(bpy}zCI2].2H2O has been described in Chapter 3.2.
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Synthesis o f  [Ru(bpy)2(P0P)2(bpy)2RuCl](PF6)3-4 H2O

[Ru(bpy)2(P0P)2](PF6)2 (100 mg, 9.84 x 10'5 mol) and [Ru(bpy)2Cl2].2H20  (51 mg, 9.84 

x 10'5 mol) were heated at reflux in 20 cm'3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the 

PF6" salt and was precipitated instantly as a fíne brown-red powder. The product was 

isolated by filtration and washed with a minimum amount of ice-water and diethyl ether 

and allowed to dry. The complex was recrystallised from a 2:1 mixture of 

acetone.toluene. No further purification of the complex was necessary and the reaction 

yielded 125 mg of the desired dinuclear product. (79% yield).

*H NMR (400 MHz, ¿¿-acetone) 5 = 10.06 (d, 1H), 9.36 (m, 2H), 8.71 (m, 15H), 8.20 

(m, 10H), 7.82 (m, 16H), 7.56 (dd, 2H), 7.37 (dd, 1H), 7.30 (dd, 1H).

Total = 48 aromatic protons.

Elemental Analysis for C60H56N12RU2O4CI1P3F18: Calculated C 43.05, H 3.11, N 10.04. 

Found C 43.10, H 3.08, N 9.58 %.

Synthesis o f  [Ru(bpy)2(P2P)2(bpy)2RuCl](PF6)3.6H20

[Ru(bpy)2(P2P)2](PF6)2 (103 mg, 9.6 x 10'5 mol) and [Ru(bpy)2Cl2].2H20  (50 mg, 9.6 

xl 0'5 mol) were heated at reflux in 20 cm'3 of dry MeOH for 6 hours. After this time, the 

reaction was allowed to cool to room temperature and the solvent removed to dryness in 

vacuo. The product was added as a solid to a saturated aqueous solution of ammonium 

hexafluorophosphate, and the chloride salt was converted instantly to the PF«' salt and 

was precipitated instantly as a dark red-brown powder. The product was isolated by 

filtration and washed with a minimum amount of ice-water and diethyl ether and 

allowed to dry. The complex was recrystallised from a 2:1 mixture of acetone:toluene.
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No further purification of the complex was necessary and the reaction yielded 134 mg of 

the desired dinuclear product. (84 % yield).

'H NMR (400 MHz, ¿¿-acetone) 6 = 10.08 (d, 1H), 9.24 (m, 2H), 8.59 (m, 17H), 8.14 

(m, 16H), 7.80 (dd, 1H), 7.52 (dd, 1H), 7.26 (m, 9H), 2.9 (m, 8H).

Total = 48 aromatic, 8 aliphatic protons.

Elemental Analysis for C66H74N12RU2O6CI1P3F18: Calculated C 43.94, H 3.77, N 9.32. 

Found C 44.25, H 3.51, N 8.99 %.

Synthesis o f  [Ru(bpy)2(P3P)2(bpy)2RuCl](PF6)3.H20

[Ru(bpy)2(P3P)2](PF6)2 (98 mg, 8.9 x 10'5 mol) and [Ru(bpy)2Cl2].2H20 (46 mg, 8.9 

xl 0'5 mol) were heated at reflux in 20 cm"3 of dry MeOH for 6 hours. After this time, the 

reaction was allowed to cool to room temperature and the solvent removed to dryness in 

vacuo. The product was added as a solid to a saturated aqueous solution of ammonium 

hexafluorophosphate, and the chloride salt was converted instantly to the PFg" salt and 

was precipitated instantly as a brown-red powder. The product was isolated by filtration 

and washed with a minimum amount of ice-water and diethyl ether and allowed to dry. 

The complex was recrystallised from a 2:1 mixture of acetone:toluene. No further 

purification of the complex was necessary and the reaction yielded 112 mg of the 

desired dinuclear product. (78 % yield).

'H NMR (400 MHz, ¿¿-acetone) 6 = 10.06 (d, 1H), 9.24 (m, 2H), 8.55 (m, 17H), 8.03 

(m, 16H), 7.79 (dd, 1H), 7.67 (dd, 1H), 7.52 (m, 2H), 7.27 (m, 9H).

Elemental Analysis for C66H62N12RU2OCI1P3F18: Calculated C 46.36, H 3.57, N 9.83. 

Found C 46.20, H 3.53, N 9.67 %.
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Synthesis o f  [Ru(bpy)2(PEP)2(bpy)2RuCl](PF6)3.4 H2 0

[Ru(bpy)2(PEP)2](PF6)2 (115 mg, 1.08 x 10"4 mol) and [Ru(bpy)2Cl2].2H20 (56 mg, 1.08 

x 10"4 mol) were heated at reflux in 20 cm"3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the 

PF6" salt and was precipitated instantly as a red-brown powder. The product was isolated 

by filtration and washed with a minimum amount of ice-water and diethyl ether and 

allowed to dry. The complex was recrystallised from a 2:1 mixture of acetone:toluene. 

No further purification of the complex was necessary and the reaction yielded 124 mg of 

the desired dinuclear product. (69 % yield).

*H NMR (400 MHz, ¿/¿-acetone) 5 = 10.05 (d, 1H), 9.37 (m, 2H), 8.66 (m, 14H), 8.19 

(m, 9H), 7.95 (m, 5H), 7.79 (d, 1H), 7.60 (m, 14H), 7.38 (dd, 1H), 7.31 (dd, 1H).

Elemental Analysis for C64H60N12RU2O4CI1P3F18: Calculated C 44.53, H 3.25, N 9.74, 

Found C 44.35, H 3.06, N 9.55 %.

Synthesis o f  [Os(bpy)2(P0P)2(bpy)2RuCl](PF6)3.9H2O

[Os(bpy)2(POP)2](PF6)2 (125 mg, 1.13 x 10"4 mol) and [Ru(bpy)2Cl2].2H20 (59 mg, 1.13 

x 10"4 mol) were heated at reflux in 20 cm"3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the 

PFfi" salt and was precipitated instantly as a green-brown powder. The product was 

isolated by filtration and washed with a minimum amount of ice-water and diethyl ether 

and allowed to dry. No further purification of the complex was necessary and the 

reaction yielded 131 mg of the desired dinuclear product. (68% yield).

299



Chapter 7. Synthesis o f  surface active Ru(II)/Ri/ I!* & O /^ /R u ^  dinuclear complexes...

lH NMR (400 MHz, ¿ 6-acetone) 8 = 10.04 (d, 1H), 9.18 (m, 2H), 8.74 (m, 17H), 8.10 

(m, 8H), 7.81 (m, 16H), 7.40 (m, 4H). Total = 48 aromatic protons.

Elemental Analysis for CíoH^Ni2OSiRu 109CI1P3F18: Calculated C 39.09, H 3.09, N 

9.12. Found C 38.68, H 2.56, N 8.89 %.

Synthesis o f  [0 s(bpy)2(P2 P)2(bpy)2RuCl](PF6)3.9H2 0

[Os(bpy)2(P2P)2](PF6)2 (108 mg, 9.30 x 10'5 mol) and [Ru(bpy)2Cl2].2H20  (48 mg, 9.30 

x 10"5 mol) were heated at reflux in 20 cm"3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the 

PF6" salt and was precipitated instantly as a dark green/ brown powder. The product was 

isolated by filtration and washed with a minimum amount of ice-water and diethyl ether 

and allowed to dry. No further purification of the complex was necessary and the 

reaction yielded 118 mg of the desired dinuclear product. (66 % yield).

'H NMR (400 MHz, ¿ 6-acetone) 5 = 10.08 (d, 1H), 9.05 (m, 2H), 8.63 (m, 12H), 8.42 

(m, 4H), 8.09 (m, 8H), 7.86 (m, 7H), 7.65 (m, 4H), 7.30 (m, 10H). Total = 48 aromatic 

protons.

Elemental Analysis for C64H78N12OS1RU1O9CI1P3F18: Calculated C 40.47, H 3.43, N 

8.85. Found C 40.26, H 2.93, N 8.77 %.

Synthesis o f  [0 s(bpy)2(P3P)2(bpy)2RuCl](PF6)3.9H20 .2NH4PF6

[Os(bpy)2(P3P)2](PF6)2 (151 mg, 1.27 x 10"4 mol) and [Ru(bpy)2Cl2].2H20 (66 mg, 1,27 

x 10"4 mol) were heated at reflux in 20 cm"3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the
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PF6" salt and was precipitated instantly as a dark green/ brown powder. The product was 

isolated by filtration and washed with a minimum amount of ice-water and diethyl ether 

and allowed to dry. No further purification of the complex was carried out and the 

reaction yielded 165 mg of the desired dinuclear product. (73 % yield).

*H NMR (400 MHz, ¿¿-acetone) 5 = 10.10 (d, 1H), 9.05 (m, 2H), 8.87 (m, 2H), 8.55 (m, 

15H), 7.96 (m, 17H), 7.70 (m, 2H), 7.29 (m, 9H).

Total = 48 aromatic protons.

Elemental Analysis for C66H86N14OS1RU1O9P5F30: Calculated C 35.17, H 3.42, N 8.70. 

Found C 35.35, H 2.79, N 7.77 %.

Synthesis o f  [0 s(bpy)2(PEP)2(bpy)2RuCl](PF6)3.4 H2 0

[Os(bpy)2(PEP)2](PF6)2 (78 mg, 6.74 x 10'5 mol) and [Ru(bpy)2Cl2].2H20  (35 mg, 6.74 

x 10'5 mol) were heated at reflux in 20 cm'3 of dry MeOH for 6 hours. After this time, 

the reaction was allowed to cool to room temperature and the solvent removed to 

dryness in vacuo. The product was added as a solid to a saturated aqueous solution of 

ammonium hexafluorophosphate, and the chloride salt was converted instantly to the 

PF6‘ salt and was precipitated instantly as a dark green/ brown powder. The product was 

isolated by filtration and washed with a minimum amount of ice-water and diethyl ether 

and allowed to dry. No further purification of the complex was necessary and the 

reaction yielded 53 mg of the desired dinuclear product. (45 % yield).

'H NMR (400 MHz, ¿¿-acetone) 8 = 10.04 (d, 1H), 9.13 (m, 2H), 8.72 (m, 4H), 8.58 (m, 

9H), 8.19 (m, 2H), 8.11 (m, 3H), 8.01 (dd, 2H), 7.90 (m, 8H), 7.78 (d, 2H), 7.72 (dd, 

2H), 7.52 (m, 8H), 7.44 (m, 3H), 7.37 (dd, 1H), 7.30 (dd, 1H).

Total = 48 aromatic protons.

Elemental Analysis for C66H72Ni204Cli0 siRuiP3Fi8: Calculated C 42.16, H 3.07, N 

9.22. Found C 42.65, H 2.75, N 8.90 %.
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7.3 Discussion of the Synthesis of the Dinuclear Complexes:

The dinuclear complexes have been synthesised using the mononuclear precursors 

discussed in Chapter 6 as starting materials. Figure 7.1 illustrates the expected 

mechanism of reaction.

2+

McOIl

R ii(bpy),C l5.2H 20

Figure 7.7 Schematic o f  the expected synthesis o f  the
complex [Rn(bpy)2(P0 P)2(bpy)2R u C l f \
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The dinuclear complexes have been synthesised with the intention of attaching the free 

nitrogen of the second pendant arm to a surface, and examining the properties of the 

complexes while bound to a surface. A representation of this can be seen in Figure 7.2.

Figure 7.2 Illustration o f the complex [Ru(bpy)2(P0P)2(bpy)2RuCl]3+ 
bound to the surface via the free nitrogen o f the pendant 4,4-bipyridyl

Figure 7.1 is a simplified version of the reality, and the synthesis of the dinuclear 

complexes proved much more problematic than at first expected. Several problems were 

discovered and overcome. In order to successfully synthesise the desired pure dinuclear 

complexes, the purity of the starting materials should be very high. Once the purity of 

the mononuclear starting materials was determined it was believed the synthesis of the 

dinuclear complexes would simply involve a 1:1 reaction of the pure monomeric starting 

material with [Ru(bpy)2Cl2].2H20 . As so happens this is the case, but several 

complications arose. As in the previous chapters the reactions were monitored by HPLC 

and TLC, and each reaction mixture seemed to give a myriad of products. At no stage 

did HPLC reveal the disappearance of both the starting materials and the appearance of a 

single product peak.
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After many attempted syntheses and little or no success, a different approach was 

needed. Instead of assuming the reaction has not worked, and that the HPLC and TLC 

results were an accurate representation of the actual reaction mixture, it was decided to 

by-pass these techniques, and to use lH NMR as the primary characterisation tool, of 

both the reaction mixture and of the final product. From this it was discovered that the 

complex was actually being synthesised in reasonable yield, but analysis of the complex 

by HPLC and by TLC was causing it to either disintegrate on the column or change in 

such a way as to appear impure under the conditions being used to analyse the purity.

It was realised at this stage that the problems were arising for two separate reasons. The 

first due to the lability of the chloride ion in aqueous solution, and the second due to the 

fact that the ligands are monodentate and therefore less securely bound to the metal than 

bidentate ligands achieve. ’’2’3’4,5,6 These problems have been discussed in more detail in 

Section 6.3. While the reaction between the [M(bpy)2(PnP)2](PF5)2 monomer and 

[Ru(bpy)2Cl2].2H2C) was carried out in MeOH, the mobile phase being used on the 

HPLC was 80% MeCN, 20% H2O and 0.08M LiCIO* It was entirely possible therefore 

that pure [M(bpy)2(PnP)2(bpy)2RuCl]3+ dinuclear complex was being injected onto the 

column from the reaction mixture, but under the conditions being used, this compound 

was breaking down and exchanging the monodentate ligands causing several products to 

elute including the aquo dinuclear complex. Based on this assumption, the following 

complexes may be detected by HPLC analysis of a pure dinuclear complex. (Figure 7.3)
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Figure 7.3 Disintegration o f  the [Ru(bpy)2(P0P)2(bpy)2RuCl]3+ dinuclear 
complex could lead to formation o f  the above compounds by HPLC analysis.
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Evidence for this can be seen in Figure 7.4 which is the actual HPLC trace from the 

complex [Ru(bpy)2(P0P)2(bpy)2RuCl]3+. The complex before injection is pure by !H 

NMR.

Figure 7.4 Actual HPLC trace o f  injection o f  reaction mixture to synthesise
[Ru (bpy)2(P0P)2(bpy) 2R.UCÏ]■3+

The products have been assigned by comparison of the retention times under the

conditions used to previously synthesised products and by known UV/Vis spectra. 2,3.6

It was decided therefore to use *H NMR to analyse the purity of the complexes straight 

from the reaction rather than HPLC or TLC. Synthesis was carried out in spectroscopy 

grade MeOH which would contain less water, and hopefully lead to less by-products 

This approach proved effective, and analysis of the complexes by *H NMR in ¿j-DMSO,
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before conversion from chloride salts to PFf, salts, indicated that the compounds had 

indeed been synthesised in high yield and were reasonably pure. The chloride counter 

ion was replaced by a PFg" counter ion which led to the precipitation of the complex 

from an aqueous solution. The insolubility of the PF(f salts of the complexes in water 

prevents the chloride from exchanging with water to form the aquo complex.

7.4 NMR of the dinuclear complexes:

In Chapter 6, the spectra of the complexes of the type [M(bpy)2(PnP)2]2+ were possible 

to assign. This was because a plane of symmetry existed through the molecule. This 

symmetry was reflected in the NMR spectra and lead to half the number of expected 

signals with each signal integrating to two equivalent protons. The *H spectrum of the 

complexes of the type [Ru(bpy)2(PnP)Cl]+ were more complicated. As has already been 

explained in Chapter 6 , the chloride ion removes the symmetry resulting in a more 

complicated aromatic region with each proton having a discrete signal, many of which 

overlap. This complexity has made the XH NMR difficult to assign.

The !H NMR of the dinuclear complexes is expected to closely resemble the spectrum of 

the two monomers combined. This is however a simplistic approach as illustrated by 

Figure 7.5. The 'H NMR spectrum of the dinuclear complex will contain both types of 

H6 protons, i.e. the H6 protons which interacts with the PnP ligand, and the H6 proton 

which interacts with the Cl' ion. However, in the case of the N6 monomer, the H6 

protons interacting with the PnP ligand were equivalent. On addition of the N5 chloro 

moiety to the N6 complex, the two PnP ligands become inequivalent, with one 

remaining free (for binding to a surface) while the second pendant arm becomes the 

bridging ligand between the two metal centres.
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:N

// %
N

Figure 7.5 Why the addition o f  the spectra o f  the two monomers does not give the 1H 

NMR spectrum o f  the dinuclear complex...

This means that the spectrum of the dinuclear complex will differ from the sum of the 

monomers in two ways. Firstly, the PnP ligands have become inequivalent. The H6 

proton over the chloride ion should appear at similar ppm, however the fingerprint H6 

protons for the N6 species in the dinuclear complex now split into two separate N6 

protons -  one hanging over the free PnP ligand, the other over the now bridging PnP 

ligand.

The diagrams on the next page illustrate these points. The first spectrum consists of the 

spectra of the two monomers, [Ru(bpy)2(P0P)2]21 and [Ru(bpy)2(P0P)Cl]+ while the 

second spectrum is that of the dinuclear complex [Ru(bpy)2(P0P)2(bpy)2RuCl]3+ All 

spectra have been performed in ¿e-acetone.
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[Ru(bpy)2(P0PyCl]* monomer 
P ifbpy^tP D P^f*  m onom a

10

I I
im i

i: t

ppm

ppm

Figure 7.6 Sum o f  the }H N M R spectra o f  the monomers, [ Ru(bpy) 2(P0P) 2] 2+ and 

[Ru(bpy)2(P0P)CJ]+ (above) and [Ru(bpy)2(P0P)2(bpy)2RuCl](PF6)3 (below) in de

acetone.
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The reasons for the differences between the spectra illustrated in Figure 7.6 have been 

given already (Figure 7.5). However, the expected similarities between the combined 

spectra and the actual spectrum can be seen. The positioning of the “fingerprint” H6 

protons are similar for both spectra. As expected the H6 protons over the now 

inequivalent PnP ligands are split (i.e. one free PnP ligand, one bridging PnP ligand), 

and the region from 9.25 to 9.45 ppm integrates as two protons. The XH NMR spectra of 

the other dinuclear complexes are very similar to that of [Ru(bpy)2(P0P)2(bpy)2RuCl]3+. 

Some representative spectra are shown in the Figure 7.7 and 7.8.

ppm

Figure 7.7 JH NMR o f  [Ru(bpy)2(PEP)2(bpy)2RuCl](PF6)3 in de-acetone.
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I----- 1----- 1----- *----- 1----- '----- 1----- '----- 1----- >----- i----- *----- 1----- *----- 1
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

ppm

Figure 7.8 lH NMR o f f  Os(bpy)2(P2P)2(bpy)2RuClJ(PF6) 3

The table below  lists the positioning o f  both sets o f  H6 protons. Comparison is possible 

with the *£[ NM R  data found in Tables 6.4, 6 .5 ,6.6  and 6 .8.
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Compound H6 over Cl' H6 overPnP ligands

1 proton 2 protons

[Ru(bpy)2(P0P)2(bpy)2RuCl]^

[Ru(bpy)2(P2P)2(bpy)2RuCl]3+

[Ru(bpy)2(P3P)2(bpy)2RuCl]3+

[Ru(bpy)2(PEP)2(bpy)2RuCl]3+

[Os(bpy)2(POP)2(bpy)2RuCl]3+

[Os(bpy)2(P2P)2(bpy)2RuCl]3+

10.03 (d) 9,35 (m)

10.08(d) 9.24 (m)

10.06 (d) 9.24 (m)

10.04(d) 9,36 (m)

10.04(d) 9.18 (m)

10.08(d) 9.05 (m)

10.10(d) 9.05 (m)

10.04(d) 9.13 (m)

[Os(bpy)2(P3P)2(bpy)2RuCl]3+

[Os(bpy)2(PEP)2(bpy)2RuCl]3+

Table 7.1 lH  NMR data from  the Ru-Ru and Os-Ru dinuclear complexes.

Table 7.1 lists the positions of the two fingerprint H6 protons present for the series of 

dinuclear complexes. The positioning of the H6 over the Cl" protons are very similar for 

each of the complexes, with the chemical shift varying from 10.03-10.10 ppm. The two 

protons over the PnP ligands are less similar and vary from 9.05-9.36 ppm.

7.5 Absorption and Emission of the [Ru(bpy)2(PnP)2(bpy)2 RuCl]3+

dinuclear complexes:

The discussion of the absorption and emission of these complexes is divided into several 

sections. The first and most obvious division is between the Ru-Ru dinuclear complexes 

and the Os-Ru dinuclear complexes. Within each of these sections other subdivisions, 

based on the nature of the bridging ligand are possible, i.e. those complexes containing 

POP and PEP ligands, vs those containing the P2P and P3P ligands. The absorption 

spectra of the Ru-Ru dinuclear complexes can be seen in Figure 7.9.
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Figure 7.9 UV o f  the Ru-Ru PnP dinuclear complexes in MeCN.

The data from the absorption and em ission spectra o f  the complexes 

[Ru(bpy)2(PnP)2(bpy)2RuCl]3+ have been collated in Table 7.2. The behaviour observed 

allows the com plexes to be divided into groups based on the properties o f  the bridging 

ligand. This will be explained in more detail.
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Complex Absorption o3
,CO Emission, Emission,

(nm) (molcm'1) 298K (nm) 77K (nm)

[Ru(bpy)2(P0P)2(bpy)2RuCl|11 290 1.08

368 .24 612 582

458 .66 718 666

490 (sh) .22

[Ru(bpy)2(PEP)2(bpy)2RuCl]3+ 291 1.19

372 .23 612 600

457 .30 719 680

497 (sh) .15

[Ru(bpy)2(P2P)2(bpy)2RuCl]3+ 291 1.03

343 .29 620 593

462 .35 717 657

503 (sh) .25

[Ru(bpy>2(P3P)2(bpy)2RuCl]3+ 291 1.16

340 .31 620 593

464 .18 717 658

507 (sh) .13

Table 7.2 Absorption and emission data o f  the Ru-Ru PnP dinuclear complexes in 

MeCN. (77K experiments in butyronitrile)

The absorption spectra of the complexes can be assigned easily by comparison to the 

monomers assuming there is a contribution from both subunits. Before more detailed 

examination of the data presented in Table 7.2 is carried out, special attention should be 

paid to the lowest energy absorption bands. As discussed in Section 6.3, the lability of 

the chloride ion and exchange of the monodentate coordinated PnP ligands are serious 

problems for the ruthenium centred complexes. 1’4’5’6 The products resulting from either 

the exchange of the chloride or the PnP ligand are readily identifiable by the resulting 

UV/Vis spectra. 6 The lowest energy absorption band on the dinuclear complexes 

consists of a shoulder that appears to have a A.max of between 490 nm and 507 nm.
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Previous studies3 allow this to be confidently assigned as due to the RuN5-Cl, providing 

strong proof that the complex is intact and in the desired form.

Each of the complexes contain absorption bands at circa 290 nm that can be assigned as 

ligand centred (LC) n—>n* (bpy) based transitions. The extinction coefficients of these

transitions should be discussed. For the monomer, 8 was generally calculated as being

circa 5 x 104 mol'1 cm"1 for the transitions centred at 290 nm. This value has more than 

doubled in the case of the Ru-Ru PnP dinuclear complexes and is typically 1.1 x 105 

mol’1cm"1.

The absorption band in the region 320 nm to 400 nm, by comparison to the absorption 

spectra of the monomeric complexes, may be attributed to the introduction of the PnP 

ligands into the complex and that this band may be attributed to ligand centred (LC) 

7t—»7i* transitions on the PnP ligands. Of most interest however are the d7i—Mr* metal to 

ligand charge transfer (MLCT) bands. For the dinuclear complexes, two contributions 

are expected in the region 400 -  500 nm. The RuN6 monomers have a MLCT centred at 

circa 450 nm while the RuN5Cl complexes the MLCT band is centred at circa 490 nm. 

Both of these bands are observed in the spectra of the dinuclear complexes, often with 

the contribution of the RuN5Cl moiety appearing as a shoulder of the more intense band 

centred around 450 nm. As expected, the extinction coefficients of the MLCT bands of 

the dinuclear complexes are typically 3 x 1 O'4 mol'1 cm'1 which corresponds roughly to 

the sum of the extinction coefficients of the MLCT bands of the mononuclear 

complexes.

After discussing the general trends in the spectra of the dinuclear complexes, more 

specific examination of the data is necessary and as mentioned the dinuclear complexes 

can be split into two separate groups. This division is based on the interaction between 

the metal centres. Much attention has focussed on the interaction between metal centres 

in polynuclear systems through bridging ligands in recent years, and the results of the 

studies using the PnP ligands have been presented in the introduction to Chapter 6 . The 

behaviour of the complexes bridged by the POP and PEP ligands differs from that of the
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P2P and P3P ligands. The POP ligand (4,4’-bipyidyl) is an aromatic ring system while 

the PEP ligand contains two 4’-pyridyl rings bridged by a conjugated ethylene spacer 

unit. The 4’-pyridyl rings of the P2P and P3P ligands are bridged by saturated -CH2- 

CH2- linkages and (-CH2-CH2-CH2) for P3P.

The PnP bridging ligand is expected to play an important part in the determination of the 

level of communication between metal centres in a dinuclear complex. Is there evidence 

of this therefore from the photophysical data? The answer is yes, and a simple 

experiment has provided graphic evidence of this. Equimolar amounts of the monomeric 

subunits of the dinuclear complex were combined and absorption spectra of this mixture 

was examined. Comparison of the spectra of this mixture is made to the dinuclear 

complex, the results can be seen in Figure 7.10.

Wavelength (pm) Wavelength (nm)

Figure 7.10 Absorption spectra o f  equimolar solutions o f  the two monomer components 

compared to the absorbance o f  the dinuclear complex. A ll measurements in MeCN.

This experiment is based on the assumption that if communication between the metal 

centres is weak, the absorption spectra of the dinuclear complex should closely resemble

316



Chapter 7. Synthesis o f  surface active & O ^ /R t / 1̂  dinuclear complexes..

that of the sum of the mononuclear components. The absorption spectra on the left have 

clear differences whereas the spectra on the right are very similar. This clearly illustrates 

that the bridging ligand POP (and by extension, PEP) facilitates electronic interaction 

between the two ruthenium metal centres. This communication leads to different (or 

new) bands in the absorption spectra of the dinuclear complex compared to the sum of 

the monomers. For the P2P (and P3P) ligand(s), this is not observed. Due to the absence 

of an extended ti system the two ruthenium groups behave as non-interacting 

chromophores and the absorption spectrum of the dinuclear complex closely resembles 

that achieved for an equimolar solution of the monomers.

The investigation outlined in Figure 7.10 was performed for a series of similar dinuclear 

complexes, [(bpy)2ClRu(L)RuCl(bpy)2]2+ where bpy is 2,2’bipyridine and L = POP, PEP 

and P2P by Powers and Meyer.7 The UV/Vis spectra of the series of dinuclear 

complexes are all similar and the spectra of the mixed valence ions in the UV/Vis 

spectral region are nearly the sum of the spectra of [(bpy)2ClRun(L)]+ and 

[(bpy)2ClRum(L)]2+.
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W avelength (nm)

Figure 7.11 Room temperature emission o f  the Ru-Ru PnP dinuclear complexes in

MeCN.

Wavelength (nm)

Figure 7.12 Low temperature emission o f  the Ru-Ru PnP complexes a t 77K in MeCN.
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The observations made for the absorption spectra, and the conclusions reached after 

comparison of the equimolar solutions of monomer with the dinuclear complex are 

verified by analysis of the emission spectra of the complexes.

At room temperature (Figure 7.11) the dinuclear complexes 

[Ru(bpy)2(P2P)2(bpy)2RuCl]3+ and [Ru(bpy)2(P3P)2(bpy)2RuCl]3+ exhibit dual emission 

corresponding to emission from the RuN6 unit at 620 nm, and emission from the 

RuN5Cl unit at 717 nm. The emissions have been assigned by comparison of these 

emission spectra to the monomers. (Section 6.5) The complexes of the POP and PEP 

ligands also seem to have a dual emission. The relative intensities of the emissions are 

completely different than found for the P2P and P3P ligands. The emission centred on 

the N5-C1 units (718 nm) appears much stronger than that from the N6 unit (612 nm). 

This agrees with the assumption that there is increased communication between the 

metal centres. The emission of the RuN5Cl monomer occurs at lower energy than the 

RuN6 monomer emission. It is logical therefore that energy transfer should be directed 

from the RuN6 centre of the dinuclear complex to the N5-C1 moiety and quenching of 

the emission centred on the RuN6 relative to the emission of the RuN5Cl moiety is 

observed.

The situation is different at 77K. All complexes exhibit dual emission characteristics. 

Unlike at room temperature where a very weak emission is attributed to the RuN6 

moiety for the POP and PEP bridged dinuclear complexes, this emission is stronger and 

the ratio between the relative intensities of the emissions are closer. This can be 

explained as for other biphenyl-like molecules.8 At room temperature, in solution, the 

pyridyl rings of the PnP ligands will be twisted away from co-planarity due to steric 

effects, but after addition of an electron the rings will become almost planar to maximise 

delocalisation. Therefore in the ground state the preferred conformation of the POP 

bridging ligand is expected to be twisted while following optical excitation, the bridging 

ligand in the excited state is expected to adopt the flattened configuration. At 77K the 

ligand is unable to adopt the planar configuration and its ability to act as an electron
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acceptor is greatly reduced and the photophysics are much the same as for that of the 

P2P bridged dinuclear complex. However in fluid solution, the bipyridine rings of the 

PnP ligands are free to become planar and act as an extremely efficient electron trap. 

This leads to dual emission at 77K which is not observable at room temperature.

This type of dual emission behaviour has been observed before. DeCola et al study 

photoinduced energy and electron transfer through rigid spacers. 9 The bridging ligand 

used, l-4-bis[2-(2,2’-bipyridine-5-yl)ethenyl]bicyclo[2.2.2]octane, contains a 

bicyclooctane unit linked to two ethylene-type units. The homonuclear Ru-Ru and Os- 

Os complexes as well as the heteronuclear Ru-Os dinuclear complexes have been 

synthesised. In all these complexes, each Ru-based and Os-based unit displays its own 

absorption spectrum and electrochemical properties, regardless of the presence of a 

second metal unit. The homometallic dinuclear complexes exhibit the same 

luminescence properties as the corresponding mononuclear species. In the heteronuclear 

Ru-Os complex, 91% of the Ru-based luminescence intensity is quenched by energy 

transfer to the Os-based unit.

So far, the nature of the emission has not been discussed. The determination of the 

nature of the emissive state is not as straightforward as for the complexes discussed in 

Chapters 3, 4 and 5. The PnP ligands are bipyridine based, and should the emission be 

other than 2,2’ bipyridyl based, the differences in the energy will be small. Examination 

of the reduction potentials (Chapter 7.9) of the complexes reveal a similar pattern to that 

found for the emissive properties of the dinuclear complexes. The first reduction 

potentials (i.e. the least negative) for the Ru-Ru POP and PEP complexes occur at less 

negative potentials than those observed for the P2P and P3P complexes, and are less 

negative than those observed for [Ru(bpy)3]2+. This may indicate that the excited state of 

the POP and PEP complexes may lie on the bridging ligands, while the excited state of 

the P2P and P3P complexes lie on the 2,2-bipyridyl units. In order to prove this however 

further examination of the photophysical and electrochemical properties of the 

complexes will need to be completed.
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7.6 Luminescence Lifetimes Results for the

[Ru(bpy)2(PnP)2(bpy)2RuCl]3+ dinuclear complexes:

The luminescence lifetime data are presented below. The lifetimes have been obtained 

using the single photon counting technique (Chapter 2.5). The room temperature 

measurements have been performed in MeCN while the 77 K measurements have been 

performed in butyronitrile.

Compound
298K, 77K, t  (ns)

Deaerated, x (ns) ex. RuN6

77K, t (ns) 

ex. RuN5-Cl

Relative

Contribitions
(W,

[Ru(bpy)2(P0P )2

(bpy)2RuCl]3+
3

25
7,000

7.000

2.000

76

24

[Ru(bpy)2(PEP)2

(bpy^RuCl]3+
1

50
6,000

6,000

1,000

60

40

[RuibpyHPZP^

(bpy)2RuCl]3+
3

56
6,000

5,700

1,200

55

44

[Ru(bpy)2(P3P )2

(bpy)2RuCl]3+
6

46

8,200

1,500

5,000

1,200

26

74

Table 7.3 Luminescent Lifetime Data o f  the Ru-Ru dimers. Deaerated measurements 
performed in MeCN. 77K measurements performed in butyronitrile.

As can be seen in Figure 7.11, the complexes exhibit dual emission at room 

temperature. The room temperature data have been collected in the maximum of 

emission, that is in this case the maximum of the low energy emission in the dual 

emitting complexes. The lifetime decays have been best fitted using bi-exponential 

decay profiles. The lifetime data can be assigned by comparison to that found for the 

monomeric complexes. The deaerated lifetimes correspond closely with those found for
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the [Ru(bpy)2(PnP)2]2+ complexes (1.1 - 2.9 ns) and the [Ru(bpy)2(PnP)Cl]+ complexes 

(29 -  37 ns). The two lifetimes observed for the Ru-Ru dinuclear complexes correspond 

to emission from the RuN6 moiety and from the RuN5-Cl species, with the short 

lifetime ( 1 - 6  ns) corresponding to the RuN6 centre and the RuN5-Cl centre is 

responsible for the longer lived excited state (25 -  56 ns).

At 77K, because of the relatively more intense emission from the RuN6 species it was 

decided to measure the excited lifetimes in the maxima of both emissions. The results 

can be seen in Table 7.3. Again the data can be assigned by comparison to the 

monomeric components of the dinuclear complexes. At 77K, the lifetimes of the 

[Ru(bpy)2(PnP)2]2+ complexes range from 3,700 ns -  4,200 ns, while the lifetimes of the 

[Ru(bpy)2(PnP)Cl]+ complexes range from 580 ns -  700 ns.

The lifetimes recorded for the dinuclear complexes in the high energy emission (i.e. the 

emission from the RuN6 centre can be fitted as a single decay with a lifetime of between 

6,000 and 8,200 ns, with the exception of the [Ru(bpy)2(P3P)2(bpy)2RuCl]3+ complex 

which has a contribution from a species with a shorter lifetime. The long lived excited 

states are comparable to those observed for the [Ru(bpy)2(PnP)2]2+ complexes in that 

they are > 4(is. The data collected in the lower energy emission had a biexponential 

decay profiles. The longer lived excited state again is assigned to the RuN6 centre, 

although in this instance the relative contribution is much less than the shorter lived 

excited states, (1,000 ns -  2,000 ns) which can be attributed to the RuN5Cl centres.

7.7 Absorption and Emission of the [Os(bpy)2 (PnP)2(bpy)2 RuCl]3+

dinuclear complexes:

The absorption and emission spectra of the Os-Ru PnP dinuclear complexes are 

discussed. As in the case of the Ru-Ru dinuclear complexes, the four dinuclear 

complexes can be divided into the two separate groups. There are differences however to 

the Ru-Ru dinuclear complexes discussed in the previous section and these differences
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will be highlighted in this section. The absorption spectra of the dinuclear complexes 

can be seen in Figure 7.13.

Wavelength (nm)

Figure 7.13 Absorption spectra o f  the [Os(bpy) 2(PnP) 2(bpy) ¡R uC lf^  dinuclear

complexes in MeCN.

It is important to verify whether the description of the interaction between the metal 

centres of the Ru-Ru dinuclear complexes can be used to describe the behaviour of the 

dinuclear complexes being examined in this section. As in the previous section 

equimolar amounts of the monomeric subunits of the dinuclear complex were combined 

and compared with the spectrum obtained for the appropriate dinuclear complex. (Figure 

7.14). The absorption and emission data are listed in Table 7.4.
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Complex Absorption 8  (xlO  ) Emission, Emission,

(nm) (mol^cm-1) 298K (nm) 77K (nm)

rOs(bpy)2(POP)2(bpy)2RuCl|i+ 292 1.26
723

389 

482 

600 (sh)

.31

.38

.11

740 644

(weak)

[Os(bpy)2(PEP)2(bpy)2RuCl]3+ 294 1.21
734

373 

497 

625 (sh)

.25

.25

.06

741 652

(weak)

[Os(bpy)2(P2P)2(bpy>2RuCl]3+ 292 1.02

347

445

484

.28

.18

.18

758
654

742

594 (sh) .04

[Os(bpy)2(P3P)2(bpy)2RuCl]3+ 292 .99

346

446

487

.25

.17

.17

757
648

742

598 (sh) .03

Table 7.4 Absorption and emission data o f  the Os-Ru PnP dinuclear complexes in

MeCN.

Unlike the Ru-Ru dinuclear complexes, the possible products resulting from either the 

exchange of the chloride or the PnP ligand are not readily identifiable by the resulting 

UV/Vis spectra 6 in the case of the Os-Ru complexes because of the formally forbidden 

An—>7t* bpy MLCT transitions, which becomes partially allowed due to the increased 

spin orbit coupling associated with the larger osmium ion. 10 As discussed in Section 6.3, 

the lability of the chloride ion and exchange of the monodentate coordinated PnP ligands 

are serious problems for the ruthenium centred complexes. 1’4’5,6 The bands, with
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maxima between 482 nm and 499 nm are most likely due to the Ru-N5Cl moiety. The 

electrochemistry of the complexes adds to the proof that the complex has retained the 

chloro moiety.

The sum of the absorption spectra of the monomers is most closely replicated by the 

dinuclear complex containing the P2P ligand. This agrees with the results of the Ru-Ru 

dinuclear complexes, and allows us to predict that the POP and PEP bridging ligands are 

more able to facilitate interaction between the osmium and ruthenium metal centres in 

the dinuclear complexes of the type [Os(bpy)2(PnP)2(bpy)2RuCl]3+, whereas the non

conjugated bridging ligands, P2P and P3P cause the metal centres to behave 

independently. (Figure 7.14)

WwdengdiOnm) W&wfcpgh(m^

Figure 7.14 Absorption spectra o f  equimolar solutions o f  the two monomer components 

compared to the absorbance o f  the dinuclear complex. A ll measurements inMeCN.
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The Os-Ru PnP dinuclear complexes exhibit luminescence at room temperature and at 

77K. The results are different to those of the Ru-Ru PnP dinuclear complexes. 

Comparison with the emission spectra of the monomer subunits becomes difficult in this 

instance, since for example the emission of the [Os(bpy)2(P2P)2]2+ unit is centred at 749 

nm while emission from the [Ru(bpy)2(P2P)Cl]+ unit is centred at 730 nm. If, as in the 

case of the Ru-Ru PnP dinuclear complexes, emission from both centres is observed, the 

spectra should overlap considerably, making elucidation impossible. The emission 

spectra of the complexes are given in Figure 7.15.

Wavelength (nm)

Figure 7.15 Room temperature emission spectra o f  the Os-Ru PnP dinuclear complexes 

in MeCN. Spectra have been normalised to allow easier comparison.

At room temperature the emission of both the [Os(bpy)2(P2P)2(bpy)2RuCl]3+ and 

[Os(bpy)2(P3P)2(bpy)2RuCl]3+ complexes are centred at 758 nm. Comparison with the 

monomers allow this to be attributed to emission from the Os centre. It is likely that a
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contribution to the emission spectra is made by the RuN5Cl unit but because of the 

substantial overlap expected it is impossible to quantify.

For the conjugated bridging ligands, where interaction between the metal centres is more 

likely, the situation is similar. The emission from the [Os(bpy)2(POP)2(bpy)2RuCl]3+ and 

[Os(bpy)2(PEP)2(bpy)2RuCl]3+ complexes are centred at circa 740 nm. This compares to 

an emission centred at 744 nm and 749 nm observed for the [Os(bpy)2(POP)2]2+ and 

[Os(bpy)2(PEP)2]2+ monomers respectively. Again it is possible a contribution to the 

emission spectra is made by the RuN5Cl unit but because of the substantial overlap 

expected this is impossible to quantify.

The situation is changed at 77K. (Figure 7.16) The [Os(bpy)2(POP)2(bpy)2RuCl]3+ and 

[Os(bpy)2(PEP)2(bpy)2RuCl]3+ complexes exhibit a single emission, which is blue 

shifted in comparison to the room temperature emission (this blue shift has been 

discussed in previous chapters) and is centred at 723 nm and 734 nm respectively. A 

very weak emission can also be seen on the high energy side of the intense band which 

is centred at 644 nm and 652 nm for the [Os(bpy)2(POP)2(bpy)2RuCl]3+ and 

[Os(bpy)2(PEP)2(bpy)2RuCl]3+ complexes, which may be due to the RuN5Cl centre. 

The emission at 723 nm for the POP complex compares to the emission centred at 721 

nm observed for the [Os(bpy)2(POP)2]2+ monomer, while that at 734 nm compares to an 

emission observed at 725 nm for the [Os(bpy)2(PEP)2]2+ complex at 77K.
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W avelength (nm ) W ^ \d en ^ h (im )

Figure 7.16 Emission spectra o f  the Os-Ru PnP dinuclear complexes at 77K. All 

measurements carried out in butyronitrile.

The emission of the complexes containing the non-conjugated P2P and P3P ligands at 

77K is different. (Figure 7.16) A dual emissive type behaviour is observed, with intense 

bands centred at 654 nm and 742 nm for the [Os(bpy)2(P2P)2(bpy)2RuCl]3+ complex and 

bands at 648 nm and 742 nm observed for the [Os(bpy)2(PEP)2(bpy)2RuCl]3+ complex. 

The low energy bands (742 nm) compare to the emission observed from the 

[Os(bpy)2(P2P)2]2+ and [Os(bpy)2(P3P)2]2+ monomers at 77K which are centred at 752 

and 749 nm respectively.

The emission at higher energy is at the same energy as the very weak bands found in the 

spectra of the [Os(bpy)2(POP)2(bpy)2RuCl]3+ and [Os(bpy)2(PEP)2(bpy)2RuCl]3+ 

complexes at 77K.

These bands can be tentatively assigned as emission from the RuN5Cl moiety. The 

energy of the emission is circa 40 nm lower than that observed from the analogous
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monomers. The reason this emission is very weak for the POP and PEP bridged dinuclear 

complexes may be attributed to energy transfer from the RuN5-Cl centre to the OsN6 

centre which emits at lower energy. This mirrors the emissive properties observed for 

the analogous Ru-Ru dinuclear complexes. The non-conjugated nature of the P2P and 

P3P, and specifically the aliphatic CH2 spacer unit obviously inhibits this energy transfer 

phenomenon leading to emission from both centres.

Evidence of similar type dual emission can be quoted from the work of Meyer, Schanze 

and Neyhart who have also used the PnP ligands to form mixed valence dinuclear 

complexes of osmium. 8,11 The photophysical properties of these unsymmetrical ligand 

bridged dinuclear complexes, [(bpy)2(CO)Osn(L)Osn(phen)(dppe)(Cl)]3+ and 

[(bpy)2(CO)OsII(L)Osin(phen)(dppe)(Cl)]3+ where L = POP, P2P, phen = 1,10- 

phenanthroline and dppe = l ,2-bis(diphenylphosphino)-cis-ethene have been discussed 

in the introduction to Chapter 6 . Emission from the dinuclear complex 

[(bpy)2(CO)Os(P2P)Os(phen)(dppe)(Cl)]3+ is superimposable on emission from the 

monomer [(phen)Os(dppe(Cl)(P2P)]2+ except for a weak band appearing on the high 

energy side of the major band which corresponds in energy to the emission from 

[(bpy)2Os(CO)P2P]2+. Emission lifetime data at room temperature and 77K gives further 

evidence in support of a dual emission.

7.8 Luminescent Lifetime of the [Os(bpy)2 (PnP)2(bpy)2 RuCl]3+

dinuclear complexes:

The results of the experiments to determine the luminescent lifetimes of the Os-Ru 

dinuclear complexes are presented below. As before, the lifetimes were determined 

using the single photon counting method, and the room temperature measurements were 

performed in MeCN and the 77K measurements in butyronitrile.
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Compound

[Os(bpy)2(POP)2”

(bpy)2RuCl]3+

[Os(bpy)2(PEP)2

(bpy)2RuCl]3+

[Os(bpy)2(P2P )2

(bpy^RuCl ]3+

[Os(bpy)2(P3P)2

(bpy)2RuCl]3+

Deaerated, 

t  (ns)

44

42

40

40

77K, t  (ns) 

ex. RuN5-Cl

2,000

2,200

2,000

2,100

77K, t  (ns)
Relative

Contribution
ex. OsN6

(%)

606 80

1360 20

260 9

2000 91

470 9

1720 91

489 7

2000 93

Table 7.5 Luminescent Lifetime Data o f  the Os-Ru dimers. Deaerated measurements 
performed inMeCN. 77K measurements performed in butyronitrile.

The situation at room temperature is different for the Os-Ru dinuclear complexes than 

the Ru-Ru dinuclear complexes. At room temperature a single emission is observed and 

this emission correlates closely with those observed for the [Os(bpy)2(PnP)2]2+ 

monomers. The luminescence lifetime data supports this. A single decay seems to exist 

for all the complexes, and the lifetime of these processes (40 -  44 ns) corresponds to 

those of the osmium monomers (35-46  ns).

At 77K the non conjugated bridged P2P and P3P complexes exhibit dual emission 

characteristics, while the emission spectra of the POP and PEP bridged dimers also 

appear to have a trace of the RuN5-Cl emission also. This is borne out in the lifetime 

data. Performing the experiment in the maxima of the emission from the RuN5-Cl centre 

results in a single exponential decay with lifetimes attributable to the RuN5-Cl moiety. 

As in the case of the Ru-Ru dimers the lifetimes are longer than those of the 

corresponding monomers. Exciting in the maxima of the OsN6 emission leads to a 

biexponential decay profile for each of the complexes. The long lived species correlates 

closely with the species observed upon excitation of the RuN5-Cl centre and is therefore
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attributed to that, meaning the second decay process, with lifetimes of between 260 -  

600 ns.

7.9 Introduction to the Electrochemistry of the dinuclear

complexes;

Electrochemistry plays a vital role in the determination of both the structure and 

properties of these complexes. As in the discussion of the photophysics, the results 

obtained for the Ru-Ru PnP complexes will be discussed separately to those of the Os- 

Ru PnP dinuclear complexes. The electrochemistry of these compounds is very 

important as they have been designed with the intention of attaching the free nitrogen of 

the pendant arm to surfaces, and to study the electrochemical properties of the now 

modified surfaces. This chapter concludes with an investigation of the ability of the 

[Os(bpy)2(P2P)2(bpy)2RuCl]3+ dinuclear complex to form a self assembled monolayer.

The results obtained show that the photophysical properties are determined by the nature 

of the bridging ligand. Previous studies on similar compounds reveal that the changes in 

Ei/2(1) and Ei/2(2) (1st and 2nd metal based oxidations) values, when compared to the 

monomers are small and this prevents meaningful conclusions about the interaction of 

the metal centres to be drawn from the electrochemical studies.

For example, the unsymmetrical PnP bridged dinuclear complexes 

[(bpy)2(CO)Osn(L)Osn(phen)(dppe)(Cl)]3+ and

[(bpy)2(CO)OsII(L)Osin(phen)(dppe)(Cl)]3+ where L = POP, P2P, phen = 1,10- 

phenanthroline and dppe = 1,2-bis(diphenylphosphino)-cis-ethene synthesised by Meyer 

et al.s have E m  values are close to that of the associated monomers, which indicates that 

at best slight resonance and/or electrostatic interactions exist between the two metal 

centres. The same group has also investigated mixed valence dinuclear complexes of the 

type [(dpte)2ClRun(L)Ruin/IICl(bpy)2]3+/2+ and [(NH3)5RuII/III(L)RuIICl(bpy)2]4+/3+ where 

dpte = PhSCH2CH2SPh and L = POP, PEP and P2P in both cases. 12 The
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electrochemistry for [(dpte)2ClRu(P0P)RuCl(bpy)2]2 does not differ significantly to the 

electrochemistry of its component monomers. This is characteristic for dinuclear 

systems where electrostatic and resonance stabilisation effects are small and provides 

evidence that the electronic coupling between the two sites in the ground state is small.

7.10 Electrochemistry of the [Ru(bpy)2(PnP)2 (bpy)2RuCl]3+

dinuclear complexes:

Illustrative cyclic voltammograms are presented of a the [Ru(bpy)2(PEP)2(bpy)2RuCl]3+ 

and (Ru(bpy)2(P2P)2(bpy)2RuCl]3+ complexes are presented in order to show that the 

electrochemistry is similar for the systems containing a conjugated and non-conjugated 

ligand bridge. Tabulated results from the electrochemical experiments are presented in 

Table 7.6.
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Figure 7.17 Cyclic Voltammogram o f  [Ru(bpy)2(PEF)2(bpy)2RuClJ3+ in M eCN with

O.IMTBABF4.
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P otential / V vs Ag/A g+

Figure 7.18 Cyclic Voltammogram o f  [Ru(bpy)2(P2P)2(bpy)2RuCl]3" in M eCN with

0 . IM  TBABF4.

Compound Oxidation (E1/2) Reductions, 

Ligand based.

[Ru(bpy)2(P0 P)2(bpy)2RuCl]^ 0.40 (63) 

0.92 (65)
-1.61 (55)

[Ru(bpy)2(P2P)2(bpy)2RuCl]3+ 0.37 (63) -1.77 (56)

0.84 (60) -1.91 (99)

[Ru(bpy)2(P3P)2(bpy)2RuCl]3+ 0.36 (65) -1.76 (67)

0.83 (68) -1.88(99)

[Ru(bpy)2(PEP)2(bpy)2RuCl]3+ 0.38 (57) 

0.88 (60)
-1.60 (53)

Table 7.6 Results from  the electrochemical analysis o f  the 

[Ru(bpy)2(PnP)2(bpy)2R u C lf+ dinuclear complexes in M eCN with 0.1M TBABF4 (V vs

Fc/Fc+)
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Many electrochemical investigations on mononuclear and polynuclear ruthenium(II) 

complexes containing the PnP ligands have been previously reported. (Chapter 6.1). 

From these studies it is generally accepted the observed oxidation processes are metal- 

centred while reduction processes are ligand centred. The anodic region of the cyclic 

voltammograms feature two reversible metal-centred oxidations, while the cathodic 

region exhibits the reduction waves. For several of the complexes only the first 

reduction could be determined accurately. Each of the metal based oxidation potentials 

are reversible, (using the condition of the peak to peak separation of the peaks being 

between 60 and lOOmV).

As expected the electrochemical response can be considered as the sum of the monomer 

components of the dinuclear complexes. This point is illustrated in Figure 7.19.
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<
•r< 061cu
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M
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Figure 7.19 Cyclic voltammogram o f  the monomers [Ru(bpy)2(P0P)Clf (blue) and  

[Ru(bpy)2(P0P)2]2+ (green) overlaid with the dinuclear complex 

[Ru(bpy)2(P0P)(bpyJ2RuC1Jj ' (red trace). A ll inM eC N  with O.IM TBABF4.
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Comparison of the oxidation potentials of the dinuclear complexes with the complexes 

discussed in Chapter 6 , allows the first metal based oxidation to be assigned as based on 

the RuN5Cl metal centre, while the second oxidation wave is due to the RuN6 metal 

centre. No significant shift from the results achieved for the monomeric subunits exist 

which agrees with the results of similar PnP bridged dinuclear complexes which have 

been discussed earlier in this section.’12

The reduction potentials of the complexes are less well defined. For the complexes 

[Ru(bpy)2(P0P)2(bpy)2RuCl]3+ and [Ru(bpy)2(PEP)2(bpy)2RuCl]3+ only one reduction 

potential can be determined. The E1/2 of this reduction potential is less negative than is 

expected should this reduction be 2,2’ bipyridyl based. It is therefore possible that this 

reduction is based on the bridging ligand (POP or PEP). This has relevance to the 

photophysical study of these complexes. This result indicates that the excited state may 

lie on the bridging POP/PEP ligand rather than on the 2,2’-bypryidyl ligands. In order to 

confidently assign this further study will be necessary.

For the (Ru(bpy)2(P2P)2(bpy)2RuCl]3+and [Ru(bpy)2(P3P)2(bpy)2RuCl]3+complexes the 

first two reduction potentials has been determined. The first reduction potential appears 

at more negative potentials than for the POP and PEP bridged dinuclear complexes. 

Comparison with the reduction potentials of [Ru(bpy)i]21 allow assignment of both of 

these reductions as being 2 ,2 ’ bipyridyl based.

The spike seen on the return wave of the reduction waves can tentatively be described as 

a “desorption spike” and is likely to be due to the desorption of complex from the 

electrode surface at the applied potential. 1314 This phenomenon has been discussed in 

more detail in Chapter 5.7 and the same principles apply here. Observation of these 

desorption spikes provide evidence that the nitrogen of the pendant arm is “free” or 

unbound. This is the desired state, and should provide the possibility to attach the 

complex to a surface through this interface.
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7.11 Electrochemistry of the [Os(bpy)2(PnP)2(bpy)2RuCl]3+

dinuclear complexes:

The electrochemistry of the [Os(bpy)2(PnP)2(bpy)2RuCl]3+ dinuclear complexes is 

complicated by the overlap between the oxidation waves of both metal centres. This was 

an anticipated problem as the oxidation potentials of the ruthenium N5-C1 and the OsN6 

monomers are very similar (Chapter 6 .6 ).

As a result the oxidation waves overlap, and the single oxidation wave in the cyclic 

voltammogram can be attributed to a two electron process involving simultaneous 

oxidation of both the RuN5-Cl and OsN6 moiety. As expected the oxidation potentials 

of the OsN6 moieties are approximately 400mV lower than for those of the analogous 

ruthenium complexes. This is consistent with the fact that the 5d orbitals of osmium are 

higher in energy than the 4d orbitals of ruthenium. 15,16,17 Illustrative cyclic 

voltammogiams can be seen below. (Figures 7.20 and 7.21)
\  A  ■____ .____ _____I_________ .____,____I____ _____ _____.____I____.____ .___ .____I_________ .____.____I____.____ .____.____I--------------- .____._____

Potential V vs Ag/Ag

Figure 7.20 Cyclic Voltammogram o f  [Os(bpy)2(POP)2(bpy)2RuCl]3+ in MeCNwith

0.1M TBABF4.
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P otential / V  vs Ag/Ag*

Figure 7.21 Cyclic Voltammogram o f  [Os(bpy)2(P2P)2(bpy)2RuCl]3+ in M eCN with

0.1MTBABF'+

As in the case of the Ru-Ru PnP dinuclear complexes, an example has been given of a 

dinuclear complex containing a conjugated bridging ligand (Os-Ru POP) and one 

containing the non-conjugated bridging ligand P2P. Differential Pulse Voltammetry 

(DPV) has been performed on each of the complexes. It was hoped that the increased 

sensitivity of this technique compared to cyclic voltammetry may show a splitting of the 

first oxidation wave, indicating the presence of the two metal centres. The DPV of the 

complex [Os(bpy)2(POP)2(bpy)2RuCl]3+ is presented in Figure 7.22.
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Potential / V  vs Ag/Ag+

Figure 7.22 D P V o f [Os(bpy)2(POP)2(bpy)2RuClJs+ in M eCNwith 0.1M TBABF4.

As can be seen from Figure 7.22 above -  no splitting of the first oxidation wave is 

observed even for the more sensitive technique of differential pulse voltammetry. The 

data from the electrochemical measurements have been tabulated below in Table 7.7.

Compound Oxidation, E)/2 (AE) Reduction, 'Em (AE)

[Os(bpy)2(POP)2(bpy)2RuCl]3+ 0.42 (77) 

1.40 (irr)
-1.57 (60)

[Os(bpy)2(P2P)2(bpy)2RuCl]3+ 0.37 (66) -1.71 (59)

2.01 (irr) -1.88 (80)

[Os(bpy)2(P3P)2(bpy)2RuCl]3t 0.46 (68) -1.72 (79)

2.00 (irr) -1.87 (89)

[Os(bpy)2(PEP)2(bpy)2RuCl]3+ 0.39 (70) 

1.64 (irr)
-1.58 (67)

Table 7.7 Results from the electrochemical analysis o f the 

[Os(bpy)2(PnP)2(bpy)2RuClJ3+ complexes inMeCNwith O.IMTBABF4 (VvsFc/Fc+)
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The first oxidation potential has been assigned as a two electron process involving 

oxidation of both the OsN6 and RuN5-Cl metal centres. For each of the complexes 

however, a second irreversible oxidation process is observed at higher potentials. Two 

explanations for this oxidation wave are possible.

The first explanation is that the oxidation wave is due to a second oxidation process at 

the OsN6 centre corresponding to oxidation of the now Os(m) centre to Os(IV). Evidence 

of Os(m)/Os(IV) processes have been reported previously, interestingly for the complex 

[Os(bpy)2(POP)Cl]+, where the first oxidation, assigned as an Os(n)/Os(m) couple occurs 

at +0.02 V vs Fc/Fc+ a second oxidation potential is observed. This irreversible wave, 

which has been assigned as an Os(m)/Os(IV) couple occurs at +1.47 V vs Fc/Fc+. 18

This phenomenon has been previously reported by the same group for several other 

similar complexes. For [Os(bpy)2Cl2] the Os(Iir)/Os(IV) couple is reported as +1.03 V vs 

Fc/Fc+. For the complex [Os(bpy)2(py)Cl]+ (where py = pyridine) this rises to +1.45 V 

v.v Fc/Fc+. As expected the potentials are higher again for OsN6 complexes with 

[Os(bpy)2(py)2]2+ reported at +2.03 V vs Fc/Fc+ and [Os(bpy)2(MeCN)2]2+ reported as 

+2.10 V vs Fc/Fc+. 19 All the potentials were quoted in V vs SSCE but have been 

converted to V vs Fc/Fc+ using a conversion factor o f-0.358 V. 20
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V vs SSCE

Figure 7.23 Cyclic Voltammogram fo r  cis-[Os(bpy)2(pz)Cl].(PF6)  in 0.1 M  
TBAH/CH3CN. Note the irreversible behaviour o f  the Os(n,)/Os(,V) couple. 19

The oxidation potentials of the second oxidation waves are centred at 1.40 V and 1.64 V 

for the Os-Ru POP and PEP bridged dinuclear complexes, and at 2.01 V and 2.00 V for 

the Os-Ru P2P and P3P bridged dinuclear complexes. The behaviour of this wave is 

irreversible, which agrees with the observations made by Meyer et al. 18,19 who also 

declare that a significant difference between Ru and Os occurs for the M(ni)/M(IV) couple. 

The Os(III/IV) couple can be observed for several complexes at potentials 1.0-1.5 V more 

positive than potentials for the Os(n/ffl) couple. The separation between the Ru(ni/IY) and 

Ru(I,/ni) couples is considerably larger and the Ru(ni/IV) couples are very rarely observed 

as they often lie at potentials beyond the solvent limit. No oxidations at similar 

potentials have been observed for the analogous ruthenium dinuclear complexes which 

seems to add further support to the proposition that the second oxidation waves observed 

are due to an Os(in/IV) couple on the OsN6 moiety.

A second explanation must also be considered. The oxidation waves observed at higher 

potentials may simply be due to oxidation of the PnP ligand bridges. An argument
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against this has to be the fact that this phenomenon is not observable for the ruthenium 

complexes.

Comparison of the reduction waves of the [Os(bpy)2(PnP)2(bpy)2RuCl]3+ to those 

observed for the analogous ruthenium complexes show many similarities. As mentioned 

in the previous sections, irreversible reductions are often observed for complexes 

containing a halide ligand, and is caused by rapid halide loss and replacement by 

solvent. 21

For the complexes [Os(bpy)2(POP)2(bpy)2RuCl]3+ and [Os(bpy)2(PEP)2(bpy)2RuCl]J+ 

only one reduction potential can be determined (at-1.57 and -1.58 V vs Fc/Fc+). The 

Ei/2 of this reduction potential is less negative than is expected should this reduction be 

2,2’-bipyridyl based. The possibility must be considered therefore that this reduction is 

based on the bridging ligand (POP or PEP). In order to confidently assign this further 

study will be necessary.

For the [Os(bpy)2(P2P)2(bpy)2RuCl]3+and [Os(bpy)2(P3P)2(bpy)2RuCl]3+ complexes the 

first two reduction potentials has been determined (at circa -1.71 V and -1.87 V vs 

Fc/Fc+). The first reduction potential appears at more negative potentials than for the 

POP and PEP bridged dinuclear complexes. Comparison with the reduction potentials of 

[Ru(bpy)3]2+ allow assignment of both of these reductions as being 2 ,2 ’ bipyridyl based.

“Desorption spikes” are again in evidence on the reduction side of the electrochemical 

response of the Os-Ru PnP dinuclear complexes. This phenomenon has been discussed 

for the Ru-Ru PnP dinuclear complexes (Chapter 7.8). The next section deals with the 

attachment of these complexes to surfaces through the free nitrogen which may be 

responsible for these spikes.
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7.12 Formation of a Self Assembled Monolayer using

[Os(bpy)2(P2P)2(bpy)2RuCl]3+:

One of the main areas of electrochemical research over the past 20 years has centred on 

electrodes covered with organised monolayers. This concept has already been introduced 

and discussed, and relevant examples of work in this field highlighted during the 

introduction to Chapter 6 . The design of this series of homonuclear and heteronuclear 

dinuclear complexes has purposely provided the opportunity of attaching these 

complexes to a surface. It was hoped that these compound would provide the 

opportunity to prepare self assembled monolayers (SAMs). The advantages of SAMs are 

that they take advantage of a large number of weak and/ or moderate interactions to 

spontaneously generate organised molecular assemblies. The spontaneous formation and 

stability of the monolayer depend on favourable if weak, intermolecular forces, as well 

as on the forces between each of the individual subunits, and the solid substrate for 

support. In this case, it is anticipated that the free nitrogen on the unbound pendant arm 

of the dinuclear complex will be free to “bind” to the surface. A full characterisation of 

the surface active characteristics of the complexes while bound to a surface is beyond 

the scope of this thesis. What is reported here are the preliminary results from the 

investigations of the surface active characteristics of one of the dinuclear complexes.

Several differences between the electrochemical experiments previously described in 

this thesis and the experiments performed here must be highlighted. In order to deposit 

the compound successfully onto the surface, using techniques which have been
* * 22,23 24 * ■previously described, ’ we have had to move away from organic media, and use 

aqueous media. This simplifies the performance of the experiment greatly as rigorous 

drying of solvents and apparatus is no longer necessary. It introduces its own problems 

however, and one of these problems is specific to the complexes being discussed.

For example, the potential window afforded by the aqueous media is approximately 

0.3V to 0.8 V vs Ag/AgCl. This is due to hydrogen evolution at lower potentials and
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oxidation of water at higher potentials. This already limits the choice of compound for 

examination as the oxidation potential of the N6 Ru(II)/Ru(III) couple lies outside of this 

range. It was necessary to attempt to grow a monolayer from one of the 

[Os(bpy)2(PnP)2Ru(bpy)2Cl](PF6)3 complexes. These complexes are far from ideal 

either. For a start the oxidation potentials of the Os(II)/Os(ni) couple and the 

Ru(n)/Ru(m) couple are so close as to be impossible to separate, and a single wave 

results. On top of this, a more serious problem exists. As discussed at the start of this 

Chapter, the main problem in the synthesis of these complexes arose from complications 

which were caused by exchange of the chloro for an aquo moiety. This problem was 

overcome by preventing contact with water. This experiment is being performed in 

aqueous media, and therefore the question of whether the complex is present as the 

chloro, or as the aquo once again becomes relevant. This problem has been investigated 

for the mononuclear ruthenium chloro complex [Ru(bpy)2(PEP)Cl]+. 24 No 

photosubstitution reactions were observed for the Os-PEP chloro complex.

It is with these considerations that these results are reported. It must be stressed that this 

is a preliminary examination of only one of the complexes. Much further work is needed 

to fully characterise these complexes on a surface.

The spontaneously adsorbed monolayers were formed on three Pt electrodes by 

immersing the freshly polished and electrochemically cleaned (by scanning the potential 

of the polished Pt electrode between the hygrogen evolution and platinum oxide 

formation potentials until well defined hydrogen adsorption peaks were visible) 

platinum disc electrode (radius = 1mm) in a 1:1 MeOHiF^O solution of the metal 

complex at millimolar concentrations. The electrodes were allowed to stand in the 

solution for 72 hours. Before electrochemical measurements were performed, the 

modified electrodes were rinsed with water, MeOH and acetone to remove any unbound, 

or loosely bound material. Attempts had also been made to adsorb the complex from 

pure MeOH, with less success.
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The total charge introduced or withdrawn to reduce or oxidise the monolayer can be 

found from the area under the voltammetric peak, after correcting for the background 

charging current. This charge together with the real surface area can then be used to 

calculate the surface coverage, or the number of moles of [Os(bpy)2(P2P)2Ru(bpy)2Cl]3+ 

per cm2. This figure provides information about the packing density of the monolayer.

The geometric area of the surface was calculated as 0.033cm2. The microscopic area was 

calculated from the Pt oxide re-reduction peak area of the polished electrode in 0.1 M 

H C I O 4  acid, based on a figure of 420|_iC/cm2 25 The microscopic area was calculated as 

0.068cm2. This provides a roughness factor of 2.1. The surface coverage was found to be 

roughly 3.5 x 10'11 mol cm‘2. This compares to a value of 2.1 x 10'10 mol cm"2 for the 

[Os(bpy)2(P3P)2]2+ monomer.

<VOi
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P o ten tia l / V  vs A 2/A 2C I

Figure 7.24 Results from  50 scans o f  surface confined complex
[Os(bpy)2(P2P)2Ru(bpy)2Cl]3+ in aqueous electrolyte with 0.1MNaCl04.
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There are several notable differences between the electrochemical response expected 

from a surface confined species, and that of a species in solution. Several checks were 

also performed to prove the electrochemically active species was bound to the surface.

Firstly, as described, the electrode was rinsed with water, MeOH and acetone after 

deposition of the monolayer. This was to remove any unbound or loosely bound species. 

Secondly, the electrolyte in which the experiment was performed was checked after the 

experiment with a clean and polished electrode for evidence of contamination. No signal 

was detected by the new electrode. Both of these checks indicate that the response 

observed is therefore due to complex bound to the surface of the electrode, and was not 

due to contamination of the electrolyte.

Since in a SAM, the electroactive centres are all close to the electrode surface, diffusion 

has no influence on the experiment. Therefore, unlike in experiments with diffusion 

controlled currents, the peak current, iv is directly proportional to the scan rate, V. For

diffusion controlled experiments the peak current, ip is directly proportional to the
1/2square root of the scan rate, i.e. V . A scan rate dependence study, with plots of zp v.v V

112 ♦ and V should provide further evidence as to the nature of the electroactive species.

The results of this experiment can be seen on the next page.

For a surface confined couple the AEP, that is the difference in potential between the 

anodic and cathodic peak is ideally = OmV. For a species in solution which must diffuse 

to the surface, this value is = 59 mV. The value of AEp found during the scan rate study 

was between 40-5 5mV, which is lower than the value expected from that of a diffusion 

controlled species. These values are not ideal however, but it must be remembered that 

the peaks being analysed are the results of two overlapping redox waves, and therefore a 

larger peak splitting is entirely possible for this reason.

345



Cu
rr

en
t 

/ l
e~

6A
Chapter 7. Synthesis ofsurface active R u ^/R i/J1) & Od^/Rni® dirmclear complexes

Potential / V vs Ag/AgCl

Figure 7.25 Result o f  scan rate dependence study o f  a monolayer o f  

[Os(bpy)2(P2 P)2Ru(bpy)2Cl]3+ in aqueous electrolyte with O.IMNaClOj between .1 Vs' 1

and .9 Vs'1.

From Figure 7.26 and 7.27 it can be seen that the fitting for the plots of scan rate vs iv 

for both the cathodic and anodic peak currents fit better than the plots of scan rate vs 

Op)1 2 (R2 values of .9982 and .9954 compared to .9797 and .9727).
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Figure 7.26 Results from  the analysis o f  the scan rate dependence study on the anodic 
peaks ofthe surface confined monolayer of[Os(bpy)2(P2 P) ¡(Rufhpy) ¿C lf complex in

aqueous medium with 0.1M NaCIO4.

Figure 7.27 Results from  the analysis o f  the scan rate dependence study on the anodic 
peaks o f  the surface confined monolayer o f  [Os(bpy)2(P2 P)2(Ru(bpy)2ClJ3+ complex in

aqueous medium with 0.1MNaC104.
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Chapter 8: Conclusions and Future Work:

8.1 Conclusions:

Chapter 1 provides an introduction to the area of supvamolecular chemistry. The topics 

discussed in Chapter 1 have been limited to those that are relevant to this thesis as the 

area of inorganic and supramolecular chemistry is now so large. The development of this 

area of chemistry is outlined and its relevance to this thesis highlighted. The “parent” 

complex of many of the complexes discussed in this thesis, [Ru(bpy)3]2+ is introduced, 

and its importance to the area of inorganic chemistry is highlighted. Chapter 2 provides 

details of experimental and basic synthetic procedures used in subsequent chapters.

The rest of the thesis can be divided into two separate projects. The first involved the 

synthesis and characterisation of a series of ruthenium(II) and osmium(II) mixed ligand 

complexes and is discussed in Chapters 3, 4 and 5. These complexes, containing the LLx 

ligands have been successfully synthesised and characterised. Chapter 3 contains the 

crystal structures of three of the ruthenium(II) complexes, and the complexes containing 

the LL1, LL2, LL3 and LL8 ligands have had the protons of the LLx ligands assigned by 

'H NMR. The value of H NMR to the structural determination of these complexes has 

been illustrated. The presence of rotamers introduces complexity into the determination 

of the structures of the complexes containing the LL4, LL5 and LL6 ligands, but also 

produces interesting properties which can be elaborated upon in future studies. The 

absorption and emission spectra of the ruthenium complexes are as expected, however 

examination of the LLx ligands as free ligands have provided interesting results, 

particularly in the areas of the photochemical behaviour, and the electrochemical 

behaviour, with the electrochemical investigation revealing that the free ligands are 

electron rich species. The examination of the free ligands proved crucial in the 

assignment of photochemical process as well as oxidation waves in the electrochemical 

behaviour of the complexes. Chapter 3 concludes with a more detailed examination of 

the rotamers issue. It can be seen from these discussions that each experiment provided 

more information on this issue. The original concept that the isomers were formed at the
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moment of coordination of the LLX ligand, and the ratio of one isomer to the other was 

determined at that moment has been disproved by the experiments of Prof Villani and 

his group in the University of Rome. It is now believed that in solution, the isomers form 

an equilibrium, and a solution containing a single isomer will equilibrate to a mixture of 

the two isomers overtime. The half-life of this process at 25°C has also been calculated. 

We are very grateful for the excellent work that has been achieved on this issue. More 

work needs to be done however, and this will be discussed in Section 8.2.

Chapter 4 of this thesis has detailed the synthesis and characterisation of a series of 

osmium(H) bisbipyridyl complexes containing the LL* ligands. The synthesis, and 

difficulties of using osmium as opposed to ruthenium has been discussed. Unfortunately 

no suitable crystals of the osmium complexes were grown, and determination of the 

structure of any of the complexes by X-Ray Crystal Structure Analysis could not be 

performed. As in Chapter 3, the purity as well as the structure of the complexes were 

determined by HPLC and ’H NMR. The differences between the ruthenium and osmium 

complexes on examination by both of these methods, while small, have been elaborated 

upon. As expected, the same isomerisation effects are present for the osmium complexes 

of the LL4, LL5 and LL6 ligands as for the ruthenium complexes. The differences 

between the ruthenium and osmium complexes were highlighted by the photophysical 

examination of the complexes. The differences in absorption, emission and lifetime 

results have been expanded upon and explained. Interestingly, the photochemistry of the 

osmium complexes provided the most surprising results. In general, it is not expected to 

observe photochemistry from osmium complexes, however in the case of the osmium 

complex of the LL1 ligand, the complex decomposes in a similar manner to that of the 

ruthenium complex. The photochemistry from the osmium complex has been attributed 

to decomposition of the ligand, rather than a direct effect of irradiating the metal centre. 

The electrochemistry of the osmium complexes produced the expected results. In 

general the oxidation potential of the metal based process was 400 mV lower than for 

the analogous ruthenium complexes. Again the electron rich nature of the LLX ligands is 

evident in the additional oxidation potentials observable in the voltammograms.
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Chapter 5 details the synthesis of a mononuclear ruthenium(II) complex, and a series of 

homonuclear Ru-Ru and Os-Os dinuclear complexes and a mixed metal Ru-Os complex, 

all containing the bridging LL7 ligand. The synthesis of the mononuclear species has 

been elaborated upon due to the unexpected difficulties involved. The structure of the 

Ru-Ru dinuclear complex has been determined by X-Ray Crystal Analysis. Assignment 

of the LL7 protons in the ^  NMR of the complexes has been aided greatly by 

deuteriation of the 2,2’-bipyridyl ring. The photophysical properties of the mononuclear 

ruthenium(IT) and homonuclear dinuclear complexes are unexceptional, however the 

mixed metal Ru-Os dinuclear complex exhibits dual emission characteristics at both 

room temperature and 77K. The luminescence lifetime study of the Ru-Os complex 

details this dual emission more accurately. The electrochemistry of the complexes is 

complicated by the presence of several additional oxidation waves which are based on 

the LL7 ligand. Comparison of the ruthenium and osmium oxidation potentials have 

allowed the metal based processes to be identified. Bulk electrolysis of the Os-Os 

dinuclear complex has been performed. This experiment has allowed the assignment of 

the Os(n)-Os(m) redox couple to be safely assigned as a two electron process. This 

experiment has proved that both metal centres are oxidised simultaneously, indicating 

that communication between the metal centres is weak. This fact has also been proven 

by spectroelectrochemistry. The absence of an observable IT. band adds further proof to 

the lack of communication between the metal centres. As in the electrochemical 

experiments, the oxidation of the LL7 ligand has complicated the experiments, but also 

provided some interesting results.

The second project is discussed in Chapters 6 and 7. Chapter 6 acts as an introduction to 

Chapter 7. Chapter 6 begins with an account of work carried out previously using the 

ligands introduced in this chapter and continues with a description of the synthesis of the 

ruthenium and osmium complexes which are used as starting materials in the synthesis 

of the dinuclear complexes discussed in Chapter 7. The problematic synthesis and 

purification of the complexes is described. As these complexes have been reported 

previously, full characterisation of the complexes has not been essential. The 

photophysics of the complexes have been investigated fully as this information has not
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been reported previously. The electrochemistry of the complexes has also been 

examined. The reduction potentials of several of the complexes indicate that the excited 

state may lie on the PnP ligands and not necessarily on the 2,2’-bipyridyl ligands, but 

due to time limitations, this has not been investigated further. The electrochemical 

analysis of these complexes is important as the electrochemistry of the dinuclear 

complexes of Chapter 7 has proved to be very important, and comparison with the 

component monomers has proven useful.

Chapter 7 describes the synthesis and characterisation of a series of dinuclear 

complexes. These complexes have been designed so that they are capable of attachment 

to suitable surfaces. The chapter describes the unexpected difficulties in the synthesis of 

what was expected to be a relatively simple series of complexes. As it turns out, the 

synthesis was straightforward, the complications arose in the method chosen to analyse 

the products. The photophysical properties of the complexes has provided interesting 

results. From a simple UV/Vis experiment, it has been shown that the communication 

between the metal centres can be expected for those complexes bridged by the POP or 

PEP ligand, while those centres bridged by the P2P or P3P ligand can expect very weak 

or no communication. This is an expected result and is due to the aliphatic spacer groups 

between the pyridine rings of the P2P and P3P ligands. The complexes containing the 

P2P and P3P ligands therefore exhibit dual emission characteristics, while this dual 

emission is quenched substantially for those complexes containing the POP and PEP 

bridging ligands. The luminescence lifetime data subscribes to this also. 

Electrochemistry of these dinuclear complexes has proven very important. The Ru-Ru 

complexes have well separated potentials, however the oxidation potentials of the Os-Ru 

complexes overlap, and differentiation between the potentials is impossible. In both 

cases the electrochemical response can be considered as the sum of the mononuclear 

components. The reduction potentials of the complexes indicate that the excited state of 

some of the dinuclear complexes may lie on the bridging PnP ligands, and not 

necessarily on the 2,2’-bipyridyl ligand. These results need to be examined more, and it 

is hoped that future work on these complexes will provide the necessary proof. The 

chapter concludes with the successful formation of a self-assembled monolayer. The
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electrochemistry of the complex on the surface has been reported, and scan rate 

dependence studies point toward the fact that the responses originate from a surface 

bound species rather than one in solution.

8.2 Future Work:

For the complexes described in Chapters 3, 4 and 5, the photochemistry of the 

complexes needs to be investigated further in order to be explained better. The 

photochemical properties have only been investigated for the LL1 and LL3 ligands, and 

their ruthenium and osmium complexes. Special attention should be paid to the 

photochemical properties of the osmium complexes as photochemistry from osmium 

containing complexes is an unusual characteristic. Another issue that could easily be 

overlooked concerns the free ligands. It has been demonstrated that the LL1 ligand 

exhibits photochemistry (the LL3 ligand does not). This should be investigated for the 

other ligands in the series.

As mentioned already, the rotamers issue has not been fully resolved. Each additional 

experiment seems to add more information, and provides a better understanding of the 

processes at work. The description of the formation of the isomers appears to be accurate 

at this stage. It is hoped that collaboration with Prof. Villani in the future will allow the 

rotamers of not only the LL6 complex to be examined completely, but also the rotamers 

of the LL4 and LL5 ligands. Also, attention has focussed solely on the ruthenium 

complexes, however it has also been illustrated in Chapter 4 that the osmium complexes 

of the LL4, LL5 and LL6 ligands contain the same properties. This should also be 

investigated.

Much of the future work arising from the projects investigated in this thesis will arise 

from the dinuclear complexes introduced in Chapter 7. The two sets of dinuclear 

complexes, RuPnP2-RuCl and OsPnP2-RuCl are not the ideal complexes to be studying. 

Investigations of the RuPnP2-RuCl complexes are complicated by the aquo-chloro issue, 

plus the oxidation potentials of the RuN6 species is quite high, and not observable in the

I



Chapter 8: Conclusions and Future Work...

aqueous environment necessary for the study of self-assembled monolayers. The 

OsPnP2-RuCl are for from ideal also as the aquo-chloro issue is still present, and while 

the oxidation potentials are lower than for the RuPnP2-RuCl complex, the two oxidation 

potentials overlay each other, and become indistinguishable from each other. Future 

work involving this project will therefore concentrate on the synthesis of the Os-Os 

dinuclear complexes (this has already been attempted with little success) or on the 

development of a procedure to investigate self assembling monolayers in a way as to 

avoid the aquo-chloro issue. It should be recognised however, that while the Os-Os 

dinuclear complexes may be the most interesting complexes for electrochemical study, 

those already synthesised are the most interesting from a photophysical point of view. 

The photophysical and electrochemical examinations of these complexes indicate that 

the excited state of several of the complexes may lie on the PnP bridging ligands. In 

order to investigate this deuteriation studies may be necessary. It may also prove useful 

to probe the excited state resonance Raman properties of these complexes. Additionally, 

the properties of only one of the complexes attached to a surface has been investigated. 

This should be completed for each of the dinuclear complexes and the results reported.
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rnanf r e d 3

T a b l e  1 .  C r y s t a l  d a t a  a n d  s t r u c t u r e  r e f i n e m e n t  f o r  c i f t a b .

4)

I d e n t i f i c a t i o n  c o d e  

E m p i r i c a l  f o r m u l a  

F o n n u l a  we i  q h t  

T e m p e r a t u r e  

W a v e l e n g t h

C r y s t a l  s y s t e m ,  s p a c e  g r o u p

U n i t  c e l l  d i m e n s i o n s  
= 90 d e g .

9 4 . 8 4 6 ( 2 )  d e g .

= 90 d e g ;

V o l u m e  .

Z, • C a l c u l a t e d  d e n s i t y  

A b s o r p t i o n  c o e f f i c i e n t

F ( 000 .)

C r y s ta l  s.i z e

T h e t a  r a n g e  f o r  d a t a  c o l l e c t i o n

I n d e x  r a n g e s  
0< = 1<=20

mdl

C32 H25 F12 N7 P2 Ru 

U9U.6 0  

2 0 0  {2) K 

0 . 7 1 0 7 3  A

m o n o c l i n i c ,  P 2 ( l ) / n  (No.  1

a  = 1 0 . 8 7 1 9 ( 1 1 )  A a l p h a  

b ^  1 9 . 6 7 0 ( 2 )  A b e t a  = 

c  = 1 5 . 7 3 4 7 ( 1 6 )  A gamma

3 3 5 2 . 9 ( 6 )  AA3 

4,  1 . 7 8 0  Mg/mA3

0 . 6 6 8  mmA- 1

17 92

0 , 4  x 0 . 1  x 0 . 1  mmA3 

1 . 6 6  t o  2 8 . 3 5  d e g .

- 1 4 < = h < = 1 4 ,  - 2 5 < = k < = 2 6 ,  - 2

7 2 4 ]
R e f l e c t i o n s  c o l l e c t e d  /  u n i q u e  3 5 9 8  6 /  822 8 [ R ( i n t )  = 0 . 0

o n  FA2

C o m p l e t e n e s s  t o  t h e t a  = 2 8 . 3 5  

R e f i n e m e n t  m e t h o d
I

D a t a  /  r e s t r a i n t s  /  p a r a m e t e r s

G o o d n e s s - o f - f i t  o n  F A2

F i n a l  R i n d i c e s  [ I > 2 s i g m a ( I ) ]

97 . 9%

F u l l - m a t r i x  l e a s t - s q u a r e s

82 2 8  /  0 /  492

0 . 821

R1 = 0 . 0 3 6 5 ,  wR2 = 0 . 0 6 6 0
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R i n d i c e s  ( a l l  d a t a )  R1 = 0 . 0 8 9 6 ,  wR2 = 0 . 0 7 2 9

L a r g e s t  d i f f .  p e a k  a n d  h o l e  0 . 5 8 9  a n d  - 0 . 5 1 7  e . A A- 3

T a b l e  2 .  A t o m i c  c o o r d i n a t e s  ( x 1 0 A4) a n d  e q u i v a l e n t  i s o
L r o p t c

d i s p l a c e m e n t  p a r a m e t e r s  (AA2 x  1 0 A3) f o r  c i f t a b .  :

n a l i z e d
U ( e q )  i s  d e f i n e d  a s  o n e  

U i j  t e n s o r .

t h i r d  o f  t h e t r a c e  o f  t h e - o r t h o g o

( eq)
X y z U

5 ( 1 )
Ru ( 1) 1 0 3 0  (1) 1 9 4 2 ( 1 ) - 3 2 8 9 ( 1 ) 2

6 ( 1 )
N (1) - 1 1 0 ( 2 ) 2 5 5 4 ( 1 ) - 2 6 4 7 ( 1 ) 2

6 ( 1 )
N(2) 1 0 8 6 ( 2 ) 2 8 3 5 ( 1 ) - 3 9 7 2 ( 1 ) •* 2

9.(1)
N(3) 1 0 1 1 ( 2 ) 1 1 4 2 ( 1 ) - 2 4 4 6 ( 2 ) 2

9 ( 1 )
N (4) 2 5 4 0  (2) 2 1 6 3  (1 ) - 2 4 5 8  (1) 2

5 ( 1 )
N(5) 1 9 7 3  (2) 1 3 3 4 ( 1 ) - 4 1 0 8  (1) 2

5 ( 1 )
N (6) - 3 9 1  (2) 1 6 1 5 ( 1 ) - 4 1 4 5  (1) 2

2 ( 1 )
N ( 7 ) - 2 0 4 2  (2) 1 3 8 8  (1) - 4 9 9 8 ( 2 ) O•J

5 ( 1 )
C ( l ) - 6 7 9  (3) 2 3 7 6 ( 2 ) - 1 9 5 4 ( 2 ) 3

2 ( 1 )
C ( 2 ) - 1 5 6 8 ( 3 ) 2 7 87  (2) - 1 6 3 2 ( 2 ) 4

1 (1)
C (3) - 1 8 9 6 ( 3 ) 3381  (2) - 2 0 4 2  (2) 4

4 (1)
C ( 4 ) - 1 3 0 6 ( 3 ) 3 5 7 6 ( 2 ) - 2 7 3 6 ( 2 ) 3

5 ( 1 )
C ( 5 ) - 4 0 4  (2) 3 1 6 4  (1) “ 3 0 1 9 ( 2 ) 2

9 ( 1 )
C ( 6) 3 23  (3) 3 3 3 6  (2) - 3 7 3 7  (2) 2

1 ( 1 )
C ( 7 ) 2 9 9  (3) 3 9 6 7  (2) - 4 1 3 0  (2) 4
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m a n fre d 3

6 ( 1 )
C (8) 1061  (3) 4 0 9 2  (2) - 4 7 7 3  (2)

9 ( 1 )
C ( 9 ) 1 8 3 9 ( 3 ) 3 5 9 1  (2) - 5 0 0 4  (2)

2 ( 1 )
C ( 1 0 ) 1837  (2) 2 9 7 6  (2) - 4 5 9 1  (2)

6 (1 )
C ( l l ) 182 (3) 6 3 5 ( 2 ) - 2 4 7 1 ( 2 )

4 (1)
c  ( 1 2 ) 2 1 8 ( 3 ) 1 1 9  (2) - 1 8 7 2  (2)

2 (1)
C (13) 1 1 4 1  (3) 122 (2) - 1 2 2 4  (2)

5 ( 1 )
C ( 14 ) 2 0 0 1  (3) 6 4 3 ( 2 ) - 1 1 7 8  (2)

3 (1)
C (15 ) 1 9 2 0  (3) 1 1 5 3  (2) - 1 7 8 6  (2)

0 (1)
C (16) 2 7 6 0 ( 3 ) 1 7 3 6  (2) - 1 7 8 5  (2)

3 ( 1 )
. C ( 17 ) 3 7 0 8  (3) 1 8 5 9  (^) - 1 1 7 0  (2)

6 ( 1 )
C (18) 4 4 8 5 ( 3 ) 2 4 0 5  (2) - 1 2 5 6 ( 2 )

2 (1:)
C (.19.) 42-89 (3) 2 8 1 9 ( 2 ) - 1 9 4 8  (2)

5 ( 1 )
C ( 2 0 ) ■3309 (3) 2 6 9 5 ( 2 ) - 2 5 2 9 ( 2 )

2 (1)
• C (21) ' 3 1 9 6 ( 3 ) 1-203 (2) - 4 0 3 5 ( 2 )

4 (1)
C (2 2 ) 37  63 (3) 7 98 (2) - 4 5 9 7  (2)

6 ( 1 )
C(23) 30 64 (3) 5 0 1  (2) - 5 2 5 8 ( 2 )

0 (1)
C(24) 1 8 0 5 (3) 6 1 7 ( 1 ) - 5 3 4 4  (2)

5 ( .1 )
C!{25) 1 2 7 0  (2) 1 0 2 9  (1) -476R (2 )

4 ( 1 )
C ( 2 6 ) - 4 0  (2) 1 1 9 0 ( 1 ) - 4 7 8 1 ( 2 )

7 ( 1 )
C (27 ) - 1 0 6 7  (3) 1 0 3 6  (1) - 5 3 2 9 ( 2 )

9 ( 1 )
C {28 ) - 1 3 5 0  (3) 6 5 2 ( 2 ) - 6 0 7 6  (2)

5 ( 1 )
C (29) - 2 5 2 0  (3) 632  (2) - 6 4 4 9 ( 2 )

4 ( 1 )
C ( 3 0 ) - 3 4 7 0  (3) 999 (2) - 6 0 8 6 ( 2 )

2  ( 1 )
C ( 31  ) - 3 2 3 4  (3) 1 3 7 2  (2) - 5 3 7 5 (2)

0 ( 1 )
C(32) - 1 5 9 2  (3) 1 7 2 7  (1) - 4 2 7 9 ( 2 )

P CD - 4 3 8 7  (1) 3 2 3 6 ( 1 ) - 4 4 1 7  (1)

4

3

3

3

4

5

4

3

3

4

4

4

3

3

3

J

3

2

2

2

3

4

4

4

3

4
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0 (1 )

3(1)
P ' ( l l ) - 5 1 3 5 ( 2 )

0 ( 1 )
F (12) - 3 5 0 0 ( 2 )

8 ( 1 )
F (13) - 5 2 9 6 ( 2 )

8 (1 )
F (14) - 3 6 4 9  (2)

3 ( 1 )
F (15) - 5 2 8 6 ( 2 )

2 ( 1  )
F (1.6) - 3 4  98(2)

7 ( 1 )
P ( 2 ) - 3 5 8 2 ( 1 )

5 (1 )
F (21 ) - 3 6 1 3 ( 2 )

3 (1 )
F (22) - 4 6 1 5  (2)

F (23 ) - 2 5 5 5 ( 2 )
8 ( 1 ) ’ . 1

4 ( 1 )
F (24) - 3 5 2 5  (2)

F (25) - 2 5 4 7  (2)
1 ( 1 )

6 ( 1 )
F (26) -4  596(2)

T a b l e  3. Bo n d  1 e n g

Rii ( I ) N { I ) 
Ru ( 1 ) - N( 4)  
Ru ( 1 ) - N (3) 
RuCI ) -N (2) 
R u ( l )  N ( 6 ) 
Ru ( I ) -N(5) 
N ( 1 ) - C (1 )
N ( 1 ) - C (5)
N (2) -CM 0) 
N(2)~C(6)
N ( 3 ) - C ( 1 1 ) 
N ( 3 ) ~C(15) 
N (4) -C(20)  
N ( 4 ) ~ C (16) 
N ( 5) -C (21 )

3626(1)  - 5 1 8 2 ( 1 )  6

3875( 1)  - 4 2 6 7 ( 1 )  7

3541( 1)  - 3 7 7 6 ( 1 )  • 6

2 82 9 ( 1 )  - 3 6 6 5 ( 1 )  6

25 92( 1 )  - 4 5 7 4 ( 1 )  6

29 24( 1 )  - 5 0 7 0 ( 1 )  7

614 (1) -2524  (1) 3

952( 1)  - 3 4 3 6 ( 1 )  8

1 100( 1)  - 2 2 5 8 ( 2 )  9

1139(1)  - 2 1 5 9 ( 1 )  5

2 51 ( 1 )  - 1 6 1 9 ( 1 )  8

101( 1)  - 2 7 8 6 ( 1 )  7

77 (1) -2892  (1.)

|AJ und a n g l e s  Idegl  l o r  o i l : t a b .

2 . 0 5 4 ( 2 )  
2 . 0 5 7 ( 2 )  
2 . 0 6 0 ( 2 )  
2 .0 .61 (2 ) 
2 . 0 6 4 ( 2 )  
2 . 0 9 0 ( 2 )  
J . 3 4 6 ( 3 )  
1 . 3 6 1 ( 3 )  
1 . 3 5 2 ( 3 )  
1 . 3 5 9 ( 3 )  
L . 3 4 3 ( 3 )  
L . 3 7 1 ( 3 )  
1. . 349 (3) 
1..358 (4) 
1 . 3 4 9 ( 3 )
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N 5 ) - C (25) 1 . 3 7 4  (3
N 6 ) - C (32) 1 . 3 2 4  (3
N 6 ) - C (26) 1 . 3 8 3 ( 3
N 7 ) - C (32) 1 . 3 6 7  (3
N 7 ) - C ( 3 1 ) 1 . 3 7 9  (4
N 7 ) —C (27) 1 . 4 0 3  (3
C 1 ) - C (2 ) 1 . 3 8 7  (4
C 2)  - C (3) 1 . 3 6 7  (4
c 3 ) - C (4) 1 . 3 6 7  (4
c 4 ) - C (5) 1 . 3 7 5 ( 4
c 5 ) - C ( 6 ) 1 . 4 7 1  (4
c 6 ) -C (7) 1 . 3 8 7  (4
c 7 ) - C ( 8 ) 1 . 3 8 2  (4
c 8 ) - C (9) 1 . 3 6 8 ( 4
c 9) - C ( 1 0 ) 1 . 3 7 3  (4
c 1 1 ) - G ( 1 2 ) 1 . 3 8 4  (4
c 1 2 ) - C ( 1 3 ) 1 . 3 6 9 ( 4
c 1 3 ) - C ( 1 4) 1 . 3 8 6 ( 4
c 1 4 ) - C ( 1 5 ) 1 . 3 8 4  (4
c 1 5 ) - C ( 1 6) 1 . 4 6 6 ( 4
c 1 6 ) - C ( 1 7 ) 1 . 3 7 5 ( 4
c 1 7 ) - C ( 1 8) 1  . 3 8 0  (4
c 1 8 ) - C ( 1 9) 1 . 3 6 2  (4
c 1 9)  - C  (20) 1 . 3 6 7  (4
c 2 1 ) - C (2 2 ) 1 . 3 7 5  (4
c 2 2 ) - C (23) 1 . 3 6 6 ( 4
c 2 3 )  - C  (24 ) 1 . 3 8 3 ( 4
c 2 4 ) - C (25) 1 . 3 8 1  (4
c 2 5)  - C (26) 1 . 4 5 7  (3
c 2 6 ) - C  (27) :i . 3 8 5 ( 4
c 2 7 )  0 ! 2 8 ) 1 . 4 0<3 (4
c 28)  c: (29) 1 . 3 5 6 ( 4
c 2 9 ) - 0 ( 3 0 ) 1 . 4 1 8 ( 4
c 3 0 ) - C ( 3 1 ) 1 . 3 4 5 ( 4
p 1 )  - F (  1 3 ) 1 . 5 8 8 7 ( 9)
r 1 ) - F ( l ; 2 ) ï . 5 8 9 7 ( 9)
p 1 )  - F  ( 1 4  ) 1 . 5 8 9 ( 2
p D - F C I . 6 ) 1 . 591  6 ( 9)
P . l ) - F ( l l ) 1 .  5 92  (2
p 1  ) -  F  ( 1 5  ) 1  . 605.1 ( 9)
p 2 ) -  F (2 2 ) 1 . 5 6 0 ( 2
p 2 ) - F  ( 2 1  ) 1 . 5 8 0  (2
p 2) -  F (24 ) 1 . 5 8 9 ( 2
p 2) - F ( 2 3 ) 1 . 5 9 1 3 ( 8 )
p 2 ) -  F ( 2 5 ) 1 . 5 9 1 0 ( 9)
p 2 ) -  F ( 2 6 ) 1 . 5 9 9 5 ( 8 )

N l ) - R u  ( l )  - N( 4 ) 9 2 . 6 2 ( 9 )
N 1 ) - R u ( 1 ) - N (3) 9 5 . 2 7 ( 9 )
N 4 ) - R u ( 1 ) - N (3) 7 8 . 6 3 ( 1 0 )
N 1 )  - R u ( 1 ) -N (2) 7 8 . 6 4 ( 9 )
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N 4) - R u ( l )  - N ( 2 ) 9 5 . 3 8 ( 9 )
N 3) - R u ( 1 ) - N (2) 1 7 1 . 3 5 ( 9 )
N 1) " Ru ( 1 ) - N  ( 6) 9 3 . 0 9 ( 8 )
N 4) - R u ( 1 ) “ N (6) 1 7 3 . 4 8 ( 9 )
N 3) -- R u ( 1 ) -N (6) 9 7 . 7 0  (9)
N 2) - R u { 1 ) - N (6) 8 8 . 8 3 ( 8 )
N 1) -•Ru ( 1 ) -N ( 5) 1 7 0 . 7 6 ( 9 )
N 4 ) K u ( l )  N (5) 9 6 . 0 9  (8)
N 3) -■Ru ( 1 ) - N  (5) 8 9 .  48 (8)
N 2 ) - ■Ru (1) - N  (5) 9 7 . 4 2 ( 9 )
N 6 ) - -Ru (1) - N ( 5 ) 7 8 . 3 9 ( 9 )
C 1 ) - ■N ( 1 ) - C  ( 5 ) 1 1 8 . 1  (2)
C 1) --N ( 1 ) - R u  ( 1 ) 1 2 5 . 8  (2)
C 5) -- N ( l )  - R u  (1) 1 1 5 . 7 5  (17)
C 10 - N (2) - C  ( 6) 1 1 7 . 8  (2)
c 10 - N ( 2 ) - R u (1) 1 2 6 . 6  (2)
c 6) -N (2 ) - R u  ( 1 ) 1 1 5 . 4 5 ( 1 7 )
c 11 - N ( 3 ) - C  (15) 1 1 8 . 2  (3)
c 11 - N ( 3 ) - R u (1) 1 2 6 . 3  (2)
c. 1.5 - N ( 3 ) - R u (1) 1 1 5 . 5  (2)
c 20 -N (.4) - C  (16) 1 1 8 . 3 ( 3 )
c 20 - N ('4 ) - R u  ( 1 ) 1 2 5 . 3  (2)
c 16, - N ( 4 ) - R u (1) 1 1 6 . 3 5 ( 1 9 )
e 21 -N.(5)  - C  (25) 1 1 7 . 6  (2)
c 21 - N ( 5 ) - R u (1) 1 2 6 . 0 1 ( 1 9 )
c 25 -N ( 5 ) - R u  (1) 1 1 6 . 3 7  (17)
c 32 - N ( 6 )  - C  (26) 1 0 8 . 3 ( 2 )
c 32 - N ( 6 ) - R u (1) 1 3 6 . 6  (2)
c 26 - N ( 6 ) - R u (1 ) 1 1 5 . 0 7  (17)
c 32 ~N (7) - C l 31 ) 1 2 8 . 7 ( 3 )
c 32 - N (7 ) -'C (27) 1 0 8 . 6 ( 2 )
c 3 ! ~N( 7 )  -C ( 2 7 ) 1 2 2 . 7  (3)
N 1) - - C ( l ) - C  (2) 1 2 1 . 8 ( 3 )
c 3) - -C (2) -C (1) 1 1 9 . 2  (3)
C 2) --C ( 3) -C ( 4) 1 1 9 . 7  (3)
c: 3) -C (4) --C (5) 1 1 9 . 3 ( 3 )
N 1 ) - -C (5)  - C  (4) 1 2 1 . 9 ( 3 )
N 1 ) ' C ( 5 ) •- C ( 6 ) 1 1 4 . 2 ( 2 )
C 4 ) - - C ( 5 ) - C ( 6 ) 1 2 3 . 9 ( 3 )
N 2 ) - -C ( 6) - C  (7 ) 1 2 1 . 1 ( 3 ) '
N 2 ) - •C ( 6) - C  (5) 1 1 5 . 0  (2)
C 7)~ C ( 6 ) - C (5 ) 1 2 3 . 8 ( 3 )
C 8 ) - -C (7) - C  (6) 1 1 9 . 7 ( 3 )
C 9 ) - C ( 8 ) - Ç (7) 1 1 9 . 3 ( 3 )
C 10) - C ( 9 ) - C ( 8 ) 118 . 9 ( 3 )
N 2 ) - C ( 1 0 ) - C  (9) 1 2 3 . 1  (3)
N 3 ) - C ( l l ) - C  (12) 1 2 2 . 9  (3)
C 13) - C ( 1 2 ) - C (11) 1 1 8 . 8 ( 3 )
C 12) - C (1 3 ) - C (14) 1.19.  4 (3)
c 13) - C ( 1 4 ) - C (15) 1 1 9 . 8  (3)
N 3 ) - C ( 1 5 ) - C  (14) 1 2 0 . 8  (3)
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N 3 ) - C ( 1 5 ) - C ( 1 6) 1 1 5 . 0 ( 3 )
c: 1 4 )  - C  ( 1 5 )  - G ( 1 6) 1 2 4 . 2 ( 3 )
N 4 ) - G ( 1 6 ) - C ( 1 7 ) 1 2 0 . 9 ( 3 )
N 4 ) - C ( 1 6 ) - C ( 1 5 ) 1 1 4 . 5 ( 3 )
C 1 7 )  - C  ( 1 6 ) —C ( 1 5 ) 1 2 4 . 7 ( 3 )
C 1 6 ) - C ( 1 7 ) - C  ( 1 8) 1 1 9 . 7 ( 3 )
c 1 9 ) - G ( 1 8)  -G ( 1 7 ) 1 1 9 . 3 ( 3 )
c 1 8 ) - C ( 1 9 ) - G (20) 1 1 9 . 2 ( 3 )
N 4 ) - C ( 2 0 ) - G ( 1 9 ) 1 2 2 . 5 ( 3 )
N 5 ) - G ( 2 1 ) - C (22) 1 2 3 . 2  (3)
C 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 1 9 . 1 ( 3 )
c 2 2 ) - C ( 2 3 ) - C (24) 1 1 9 . 1 ( 3 )
c 25)  - C {24 ) - C  (2.3) 1 2 0 . 1  (3)
N 5 ) - C ( 2 5 ) - C (24) 1 2 0 . 9 ( 2 )
N 5) - C (25)  - G (26) 1 1 3 . 4 ( 2 )
C 24) - C  (25)  - C  (26) 1 2 5 . 7 ( 3 )
N 6 ) - C ( 2 6 ) - C  (27) 1 0 9 . 0 ( 2 )
N 6 ) -G (26) - C  (25) 1 1 6 . 7 ( 2 )
C 2 7 ) - C ( 2 6 ) - G (25) 1 3 4 . 2 ( 3 )
C 2 6 ) - C (27)  -N (7) 1 0 4 . 8  (2 )
c 26) -C (27)  - C  (28) 1 3 8 . 1  (3)
N 7 ) - C ( 2 7 ) - C {28) 1 1 7 . 1  (3)
C 2 9 ) - G ( 2 8 ) - C (27) 1 2 0 . 5 ( 3 )
C 2 8 ) - C ( 2 9 ) - C (30) 1 1 9 . 9 ( 3 )
c 3 1 ) - C ( 3 0 ) - G (29) 1 2 1 . 2  (3)
c 3 0 ) - C ( 3 1 ) - N (7) 1 1 8 . 5 ( 3 )
N 6 ) - € ( 3 2 )  - N (7) 1 0 9 . 3 ( 3 )
F 1 3 )  - F  ( 1 )  - F  ( 1 2 ) 9 0 . 4 9 ( 1 2 )
F 1 3  ) -  P ( 1 ) -  F ( 1 4  ) 91 . 1 3 ( 1 2 )
F 1 2 ) - P  ( 1 ) F ( 1 4 ) 91 . 5 0 . ( 1 1 )
F 1 3 )  JP (1 )-!■' ( 1 Ci) 1 7 0 . 9 3  (1 3)
F 1 2 ) - P ( 1 ) -  FCI f.) 90.  < 0 ( 1 2 )
F 1 4 )  - P  ( 1 )  - F ( 1 6 ) 8 9 . 4 7 ( 1 2 )
F 1 3 ) - P ( 1 ) - F ( 1 1 ) 8 9 . 5 4  ( 1 1 )
F 1 2 ) -P( . l  ) -  F  ( 1 .1 ) 8 9 . 7 2 ( 1 1 )
F 3 4) - P  ( I ) - 1*' ( 1 I ) 1 7 8 . 6 0  ( 1 2 )
F 1 6)  - P  ( l )  - F  ( 1 1 ) 8 9 . 8 4  ( 1 1 )
F 1 3 )  - F  (a ) - F  ( 1 5 ) 8 9 . 5 7  (1.1 )
F 1 2 ) - P ( 1 ) - F ( 1 5 ) 1 7 9 . 6 3 ( 1 2 )
F 1 4 )  - P  ( 1  ) - F  ( 1 5 ) 8 8 . 8 7  ( 1 1  )
F 1 6  ) -  P ( 1 ) -  F ( 1 5  ) 8 9 . 5 6 ( 1 1 )
F 1 1 ) —P ( 1  ) — F ( 1 5 ) 8 9 . 9 1  ( M )
F 22)  - P  (2) - F  ( 2 1  ) 9 1 . 3 8  ( 1 4 )
F 22)  -  P (2) - F  (24 ) 9 0 . 5 3 ( 1 4 )
F 2 1 )  - P  (2) - F (24) 1 7 8 . 0 0  ( 1 4 )
F 22)  -  P (2) - F ( 23 ) 9 0 . 2 4  ( 1 1 )
F 2 1  ) - P  (2) - F  ( 2 3  ) 9 0 . 8 3  ( 1 1 )
F 24)  - P ( 2 ) - F  (23) 8 9 . 7 6 ( 1 1 )
F 2 2  ) - P  (2) -  F (25) 1 7 8 . 4 8 ( 1 3 )
F 2 1  ) - P ( 2 ) -  F ( 2 5 ) 8 9 . 6 1  ( 1 3 )
F 24)  - P  (2) - F (25) 8 8 . 4 6 ( 1 3 )
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F. ( 2 3 ) -  P ( 2 ) 
E (2 2 ) - P (2 ) 
F (2 1 ) - P (2 ) 
F ( 2 4 ) -  P ( 2 ) 
F (23)  - P  (2)  
E ( 2 5 ) - P (2 )

F (25)  
- F (26)  
-F (26)  
-F (26)  
-F (26)  
-F (26)

9 0 . 9 0 ( 1 0 )  
9 0 . 6 9  ( 1 1 )  
8 9 . 3 0 ( 1 1 )  
9 0 . 0 9 ( 1 1 )  

1 7 9 . 0 5  ( 1 1 )  
8 8 . 1 6 ( 1 0 )

S y m m e t r y  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a t
oms :

T a b l e  4 .  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (AA2 x  1 0 A3) f o r  
c i f t a b .

The  a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  f o r m :
- 2  p i A2 [ h A2 a * A2 U l l  + . . .  + 2 h  k a* b*  U12 ]

U l l  Ù22 U3 3  U23  H i 3
U l  2

Ru (1  ) 2 3  U ) • 2 9( 1 ) 2 3  (1 ) - 2  ( 1 ) 2 ( 1 )
0 ( 1 )

N ( l )
- 2  ( 1 )

27  • 1 ) 3 0 ( 2 ) 2.2 ( 1 .) - 3 ( 1 ) 3 ( 1 )

W (2 ) 
- 4 ( 1 )

2 / V ‘ ) 32  (2) 2 2  ( 1  ) - 2  ( '!. ) “ ‘I (J )

N( 3)  
i -i \

26 (1 ) 28 (2 ) 34 (2) - 2  ( 1 ) 9 ( 1 )
3 ( I  )

N ( 4 ) 
2  ( .1 )

29  (1 ) 34 (2) 2 5 ( 1 ) - 9 ( 1 ) 0 ( 1 )

l\l (5) 
1 ( 1 )

2 3  (1 ) 28 (1) 2 6 ( 1 ) --1 (1) 4(1 . )

N( 6)
0 ( 1 )

2 5 ( 1 ) 2 6 ( 1 ) 2 5 ( 1 ) 0 ( 1 ) 4 ( 1 )

N ( 7 ) 
- 2 ( 1 )

28  (1) 33 (2) 35 (2) - 1 ( 1 ) - 4  ( 1 )

C (1) 
- 1  (2)

38 (2) 3 6 ( 2 ) 32 (2) 1 (2) 9( 2 )

C (2) 
3 (2)

4 5 ( 2 ) 4 9 ( 2 ) 33 (2) - 1  (2) 2 0  (2 )

C (3) 
9 ( 2 )  '

41  (2) 4 0 ( 2 ) 43 (2) - 9 ( 2 ) 1 2  (2 )

C ( 4 ) '. 
4 (2)

38 (2) 32 (2) 32 (2) - 4  (2) 2 ( 2 )
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C (5) 2 5  (2) 2 7 ( 2 )
- 1 ( 1 )

C ( 6) 28  (2) 32  (2)
- 1  (1)

C ( 7 ) 47 (2) 3 7 ( 2 )
2 ( 2 )

C (8) 5 6  ( 2) 3 9 ( 2 )
- « ( 2 )

C ( 9 ) 39  ( 2) 4 5 ( 2 )
- 5 ( 2 )

C ( 1 0 ) 2 6  ( 2) 47  (2)
- 3 ( 2 )

C ( 11. ) 3 3  ( 2) 3 5  {2)
5 ( 2 )

C ( 12 ) 5 3 ( 2 ) 2 6 ( 2 )
2 ( 2 )

C ( 13) 69  (3) 3 9 ( 2 )
11 ( 2)

C ( 14) 54 ( 2) 41 ( 2)
8 (2)

C ( 15) 33  (2) 34  (2)
1 2 ( 2 )

C ( 16) 32  (2) 31 (2.)
8 ( 1 )

C ( 17) 5 2 ( 2 ) 42  (2)
12  ( 2)

C ( 18) 42  (2) 52  (2)
6 ( 2 )

C ( 1 9 ) 3 5 ( 2 ) 4 5 ( 2 )
~4  ( 2)

0  ( 20 ) 34 (2) 4 0  (2)
- 3 ( 2 )

C ( 21 ) 2 3 ( 2 ) 3 9 ( 2 )
0 ( 1 )

C ( 2 2 ) 21 (2) 4 3 ( 2 )
8 (2)

C ( 23 ) 4 0  (2) 3 3  (2)
1 1 (2)

C ( 24 ) 3 6 ( 2 ) 2 9 ( 2 )
0 ( 1 )

C ( 2 5 ) 2 8  (2) 2 2  ( 2)
0 ( 1 )

C ( 26 ) 2 7  (2) . 19( 2)
- 2 ( 1 )

C ( 27 ) 3 3 ( 2 ) 21  (2)
- 2 ( 1 )

C ( 28 ) 42  (2) 3 9 ( 2 )
- 1 ( 2 )

C ( 29 ) 5 2 ( 2 ) 44 ( 2)
- 8  (2)

C ( 30) 3 5 ( 2 ) 48  (2)

2 3  (2) - 5 ( 1 ) - 2 ( 1 )

2 6 ( 2 ) - 1  (1) - 4  (1)

3 7 ( 2 ) 2 ( 2 ) 3 ( 2 )

42  (2) 1 3 ( 2) 0 ( 2 )

3 3 ( 2 ) 5 ( 2 ) 3 ( 2 )

24  (2) - 2 ( 2 ) 0 ( 1 )

4 2  (2) 0 ( 2 ) 6 ( 2 )

53  (2) 4 (2) 1 0 ( 2 )

4 9 ( 2 ) 18 ( 2) 6 ( 2 )

4 0  (2) 5 ( 2 ) - 7 ( 2 )

31  (2) - 5 ( 2 ) 2 ( 2 )

2 6  (2) - 7 ( 1 ) 1 (1 )

3 3 ( 2 ) - 2 ( 2 ) - 9 ( 2 )

41  (2) - 1 6 ( 2 ) - 1 8 ( 2 )

4 5 ( 2 ) - 1 2 ( 2 ) - 4  (2)

3 0  (2) 3 ( 2 ) 3 ( 2 )

34  (2) 2 ( 2 ) K D

4 0 ( 2 ) 4 (2) 7 ( 2 )

3 6 ( 2 ) - 1  (2) 1 5 ( 2 )

2 6 ( 2 ) - 3 ( 1 ) 3 ( 1 )

2 5 ( 2 ) 5 ( 1 ) 3 ( 1 )

2 6 ( 2 ) - 1  ( 1) 3 ( 1 )

2 6 ( 2 ) - 1  (1) 0 ( 1 )

3 5 ( 2 ) 1 ( 2) 1 (2)

38  (2) - 6 ( 2 ) - 8 ( 2 )

4 9 ( 2 ) - 2 ( 2 ) - 9 ( 2 )
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- 8 ( 2 )
C ( 31 ) 

- 2 ( 2 )
3 0  (2) 44 (2) 51 (2) 2 ( 2 ) 0 ( 2 )

C ( 3 2 ) 
- 1  (1)

2 5 ( 2 ) 3 1 ( 2 ) 3 5  (2) - 3 ( 1 ) 4 ( 1 )

P U )  
- 1  (1)

3 5 ( 1 ) 3 8 ( 1 ) 48( 1. ) - 3 ( 1 ) 6 ( 1 )

1** ( 11 )  
5 ( 1 )

5 6  ( i ) 7 0 ( 2 ) 6 2 ( 1 ) 14 (1) - 4 ( 1 )

F ( 12 ) 
- 2 7 ( 1 )

7 2  (1) 5 6 ( 1 ) 7 9  (2) - 1 ( 1 ) - 7 ( 1 )

F ( 13)  
9 ( 1 )

88  (2) 5 0 ( 1 ) 72  (2) - 5 ( 1 ) 3 9 ( 1 )

F ( 14 )  
1 ( 1 )

6 2 ( 1 ) 7 0 ( 2 ) 7 0 ( 2 ) 2 0 ( 1 ) - 5 ( 1 )

F ( 15)  
-1. 4 ( 1)

5 0 ( 1 ) 50  (1) 90  (2) - 1 0 ( 1 ) 6 ( 1 )

F ( 16)  
1 0 ( 1 )

7 0  (1) 6 5 ( 2 ) 8 6 (2) - 2  (1) 3 9 ( 1 )

P (2)  
- 4  (1)

3 7  (1) 3 6 ( 1 ) 4 0 ( 1 ) - 9 ( 1 ) 6 ( 1 )

F ( 21 )  
- 3 9 ( 2 )

1 2 3  (2) 7 7 ( 2 ) 5 3 ( 1 ) 1 8 ( 1 ) - 1 1  (1)

F ( 22  ) 
1 1 ( 1 )

5 6 ( 1 ) 7 5 ( 2 ) 1 5 0 ( 2 ) - 5 2 ( 2 ) 2 1  (2)

F ( 23)  
- 1 8  ( 1)

5 8 ( 1 ) 4 8  ( 1) 66  ( 1) - 1 8 ( 1 ) - 2  ( 1̂

F ( 24  ) 
- 3 9  (2)

1 3 7  (2) 71 (2) 44  (1) - 1  (1) 4 ( 1 )

F ( 25 )  
7 ( 1 )

4 5 ( 1 ) 74 (2) 94 (2) -42  (1) 1 ( 1 )

F ( 26 )  
- 1 5 ( 1  )

44  (1 ) 52  ( 1 ) 7 2  ( 1 ) - 1 4 ( 1 ) - 3 ( 1 )

Table b. ilydrogen coordinates ( x I0A4) and isotcopie 
dreplacement parameters (AA2 x 10A3) for ciftab.

x y z U
(eq)

H(l) -471. 1.967 -1682 3
H (2) -1937 2660 -1144 3

6 ( 3 )
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3

3

3

3

3

3

4

4

4

4

4

4

4

4

2

2

2

2

3

3

3

3

4

man i r e d 3

H (3) - 2 5 1 7 3651 - 1 8 5 0

H (4) - 1 5 1 2 3983 - 3 0 1 3

H (7) - 2 2 8 4 3 0 5 - 3 9 6 2

H ( S ) 1 044 4 5 1 2 - 5 0 4  5

H (9) 2361 3 6 66 - 5 4 3 3

1-1(10) 2 3 7 8 2 6 4 0 - 4 7 4 6

I-I (11) - 4 4 6 63 0 - 2 9 1 1

H (12) - 3 7 4 - 2 2 3 - 1 9 0 8

H (13) 1190 - 2 2  3 4
4

- 8 1 8

H (14) 26 3 2 650 - 7 4 1

PI (17)- ' • 382.6 157 6 - 6 9 7

Ii (18 ) 5 1 3 5 2 4 8 9 - 8 4 7

H (19) 4 816 31 83 - 2 0 2 3

H (20) 31 68 2 987 - 2 9 9 1

H ( 2 1) 3 67 9 1*3 97 ' - 3  58 3

II (22) 4 6 1 i 72 6 - 4 5 2 8

H (2 3) 3 43 0 22 4 - 5 6 4 4

II (24) 1 3 1 9 4 1.8 - 5 7 9 1

hi (28) - ' 730 4 1 1 - 6 3 1 5

H (2 9 ) - 2 7 0 0 377 - 6 9 4 2

H (30) - 4 2 7 1 9 8 1 - 6 3 4 5

H ( 3 1 ) - 3 8  60 1  6 1 5 - 5 1 4 4

H ( 3 2 ) - 2 0 5 7 1995 - 3 9 3 9

Page 11



Structure o f  [Ru(bpy)2(lX2)|(Pi*V>)2- Detailed X~Ray Crystallography Data 

from the analysis o f  this complex follows.



piii'o i or 11

c o m m e n t s :  m e a s u r e d  w i t h  .10 s  p e i  
5598 r e f l e c t i o n s  o b s e r v e d  
c r y s t a l l i s e s  w i t h  2 m o l e c u l e  PFG, 
PF6 a n i o n s  o n  - s p e c i a l  p o s  i t :i on;.; (

T a b l e  1.  C r y s t a l  d a l  a a n d  n t r u c ’t

I dc'i 1 L i I i c a  1 i o n  c o d o  

Emp i r i .  c a  1 f  o r  mu 1 a  

F o r m u l a  w e i g h t  

T o m p e r a t u r e  

W a v e l e n g t h

C r y s t a l  s y s t e m ,  s p a c e  g r o u p  

U n i t  c e l 1 d i m e n s i o n s

Vo3ume

C a l c u l a t e d  d e n s i t y  

A;*i |orpl  i <r ■ . ■)(• [ I : e  i < -ut

:■ ))

C r v s l a l  i; i *e

T; \ ' l  a r<iri(|t '01 d a t a  c o l  I e e l  i o n

- I ’A * 1 ! lij1,

Hi’f l o c i  i o n s  c‘o  I I e e l  e d  /  u n i q u e  

C cmp 1 el . ei ief j i ;  t o  I lie I a 2 » .  50 

lic>l i ueinonl  mc'l l|C)d 

D a t a  /  1 I 1.1 i i l l s  /  p a  1 aniel .<■ if. 

G o o d n e s s  o f  l i t  o n  FA2 

1 ■' L n a -1 R i n d i c e s  | J. >2s : igma ( I ) |

!’ i ;hl i c o s  1,1 ! i d a t  .1 ) 

h a r g e s t  d i l l ,  p e a k  a n d  h o l e

[runic- a n d  d e l l a  omega  0 . 4  (

o n e  f u l l  a n d  t w o  h a l f  
i .) , o n e  d i s o  1 d o  1 e d

u r e  r e l i n e m e n l  l o i  c i  f : t a b .

md2 !>

C3 3 H 2 7 F I 2 N7 P2 Ru 

9 1 2 . 6 3  

2 0 0 ( 2 )  I<

0 . 7 1 0 7 3  A

m o n ^ c l i n i c ,  P 2 ( l ) / n  ( No . 1 4 )

a = 1 3 . 0 7 4 2 ( 9 )  A a l p h a  =-
b  12 . t; a 2 2 (9) A b e  t. a  = )o 1 ■ f 5  £-
<: - 23 •. 5B0U < L!>) A gamma

350!*.  3 (4)  A* 3
t*

4 ,  1 . 7 2 9  M g / m ^  3

_ 0 . 64 0 iii!nA ! . 

i I I

0 . 3  x 0 . 2 5  x 0 . 1  mmA3

1 . 6 9 t o  2 !i . 3 0 d o g  ,

H e -  li ^  ;'  , :i g < 1.6, 27c ( ¿ s

ir>fi j£> /  B' idr, | | i  f;j hi » ■ 0.0(i<V,

93 . 9%

■1

F u l l  - m a t r i x  l e a  s i  - « q u a  r e s  or, ; ,■

K' i lo  /  0 /

.1 . 052

R.L 0  . 0 5 2 2 ,  wlv’ 2  0 . I :<Jb

K 1 0 . 0 94 0 , wR2 0 . I I a;.

0 . " 9 7  a n d  0 . 7 1 !  »•. A*



1 u! 1 I

T a b l e  2 .  At.omic: c:oord i iujI.c’ìì ( x 10^4)  and e q u i v a l e n t  i .sol i 
d é p l a c e m e n t  p«ïr«iüK t et «  (Aa 2  x I 6 a 5) f o r  c; ¡ f I *i t>.
IJ (eq) in ( I d  i nod <i;> one  t h i r d  ol  t h e  t i <k :o ol I he orthogor ic  
l) i ¡ L e n 8 0 r .

X y V. U ( e

R u  ( t ) 4  2 1 6 ( 1 ) 4 0 3 ( 1 ) 1 92^1 (1 ) 2 6  i

I1 ( 1 ) * 5 . 2 «  • 1 ) 5 7 4 0  • ! ) 16  1 8 ( 1 ) 4 7  '

P U ) c: 5 0 0 0 0 5 9  >

P i i ) 0 0 0 4 7  (

F  {11.  ) 3 1 5 3  ( 4 ) î 2  8  3 (1 ) 10-1 2 ( 2 ) 1 2 7  i

I-1 { 1 2  ) 4 4  9 8  í i ) 2 9 5  5 ( 0 1 5 2 6  ( 2 ) 9 0 '

F ( 1 3 ) 4  2 4  0  r i  J 4  5 8 8  ( 3 ) 1 .1 9 0  ( 2 ) 9 1  t

F  ( 1 4 ) 5 9 2 ' )  ( î ) 4 1 6 2  ( 3 ) 2 2 3 3 ( 2 ) 8 5  *

F  ( 1 5 ) 2 5 8 4  {4 ) 4 51  8  f 4 ) . 1 7 6 5  ( 3 ) J 2 2  i

F  ( 1.6 )' 2 8 4  C ' 2 ) 2 9 0 6 ( 3 ) 2 0 7 0  ( 2 ) 7 3  '

F  ( 2 Ì ) 2 8 . ; ¡ 4 ) 6 0 1 4 ( I 5 ) 2 2 6 ( 9 ) 1 9 7  *

F  [ 2 2 ) 2  0  Ç . 1 1 ) 4 5 3 2  ■ 8 ) 6 8 6  ( 3 ) 1 1 8 '

F  ( 2  5) L1 4 9  ; 8 ) ' > 4 2 7  ( 1 1 ) 1 7 8 ( 5 ) 1 1 9 '

F ( 2 I X) 6 6  i i ) 6 1 9 3 ( 1 4 ) 1 0 0 ( 1 5 ) 1 71 i

F ( 2 2 X ) 5 9 1  ( 1 5 ) ! >024  ( 1 9 ) 5 8 6 ( 8 ) 1 4 0  ‘

F  ( 2  I X) n o ï ' i i v ) . 1 9 2 3  1 7 ) -1 34  ( 1 1 ) I 8 6  ■

F  ( 5 1 ) u ;  i ) 9 0 ' .  1) > 6 6  ( 2 ) 1 2  2 <

F (  5 2 ) l o i .  , ) 6 4  ¡ 1 ) 54 ( 2 ) 1 2 5 '

F i 5 i ) ’ t j> i * M  1 ’ ) •V,  5 ( 2 ) 1 2 6  i

N (  1 ) ’ ü 9  ! ! i 2 ) 8 0 0  ; î ) 1 2 8 8 ( 2 ) 2 7  i

N ( 2 ) 2 9 8 7  y ï ) 2 0 8 3  ( 3 ) 6 4 1 ( 2 ) 5 1  i

N ( '<) 5 4  7' = ; j ) 2 2 9  21 1 1 7 2 ( 2 ) 2  8 i

N ( 1 ; Î 7 C : i 1 1 6  1 1 ■ i  ) 1 2 9 7 ( 2 ) 3 1 '

N ( 5 ) 1 8  1 • O 1 6 9 4  i i 1 2 4 4  5 ( 2 ) 3 1 •

N ( 6 ) 10. . .  .1 • 1 7 9  . . ¡ 2 4  I .5 ( 2 ) 50 >

N C / ) 169- ' :  5) 7  0  5 * ) i 2 [j M  ( 2 ) 5 .

C (  1 ) 2 8 5  U . l ) 14 4 5  ! 3 ! I 1 4  5 ( 2 ) 5 1 '

C ( 2 ) 4 1 5 1) t ! ) 1 0 0 9  ¡ 5) 8 9 4 ( 2 ) 2 9  >

e n ) { 9 4  2  í 1 ) 1 8 0 8 (  t ) 4 9 2  ( 2 ) 1 9  i

C’ H ) 4 3 0  1 1) 2 3 5  1 ( \) 2 0  ( 2 ) 4 9  i

ce») 3 7 2  I v D $ 1 2 4  U  ) 5 0 0  ( 2 ) 5 7  *

C ( M 2 . 7 2 1  •. 1 ) i  3 9 7  :1 ) 1 7 5 ( 2 ) 5  1 »

c e / ) 2 1 6 8 (  1 ) 2 8 8 9 i : ) 2 9 0  ( 2 ) 4 2 *

C ( 8 ) 1 9 6  9 ( 3 ) - 1 4  5 9  ( 1 ) 1 1 8  5 ( 2 ) 1 2  '

Ç ( 9 ) 5  U  ’i n  ) 4 5 4  ( 11 9 7 2  ( 2 ) 2 9 -

C ( 1 0  ) 6 0 9  1;  1 ) 5 7 M U (-1 1 ( 2 ) 1 2  «

C ( 1 1 ) 7  0 2  0  i 1) 2  3 i  1 ) 7 6 5 ( 2 ) •1 '» '

C ( 1 2 ) 7 1 7 6  1 ) 6  56 i '■ 1 1 2 8 7  ( 2  : 1' .  «

r  ( i î > o  i î ; . ,  -j 7  1 5 .  • » 16  15  ( i 'i i U <

C  ( I I ) -100'. . ) i 5  51 < ! ' 7  10 C . ) r ;  i

C‘ ( 1 s) 2 8 0 5  ! ) 2  5 5 8  ( 1 ) 12-1 ( 2 ) ‘>0 t



V ti ! I I

C ( 1C,) Ì M  2  ( 4  ) 1 2 8 9  : 1 ) 1 6  1 ( 2 Ì b I i

C  ( 1 7  ) 4 0 1  1 ( 4  ) i Ì 8 5  ( 4  ) 1 0 2 4  ( 2  ) 4 G i

C  ( 1 8 ) 4  1.81 { 3 ) 2 5 4  8  ( ì ) 1 4  5 3  ( 2  ) 3 4  i

C ( 1  9 ) 4 7 8 4  ( 1) 2 6 2 0  ( n 2 1 0 9  { 2 ) 3 7  i

( ' ( 2 0 ) b  1 9 2  ( 4 ) 1 5 4  4 ( 4  ) 2 1 9 6  ( 0 4 9  <

C ( 2 1  ) b 6 4  0 ( 4  ) 1 b  3 6  ( 4 ) 1 0  3 0  ( ! ) 6 2  i

C (2 2 ) ' 368? .  (4 ) 2 6  Ì 1 í 4 ] i 16 b  (2) b  i '

C ( 2  Î ) V, > 8 0  ( 0 1 7 0 3  ; 1 ) 5 0 6 2 ( 2 ) i a  i

C ( 2 4  ) 2  ! 9  5 (  1 ) 1 1 4 4  • 1) 2 2 9 7 ( 2 ) 18  i

G ( 2 5  ) l b  1.7 ( 3 ) 1 . 267  {4 ) 2 6 9 8  ( 2 ) 4 2 i

C (26) 1 6 9 0  ( 4  ) 6 9 7  ( 4 ) 3 2 b 7  ( 2 ) 4 3  i

G ( 2 7 ) 2 5 0 8  (4 ) 1 0 ( 1. ) 1 1 7 9  ( 2 ) 4 1 t

C ( 2 8 ) 3 1 5 4  ( 1 ) 1 1 0  i 3 ) 2 9 4 9 ( 2 ) 3 i i

r ( 2 9 ) 4 OSC, ( Í ) 8 4  8  1 i ) 10  1 6 ( 2 ) 3 2  -
C ( 30 ) 4 2 5 b {4 ) 1 b 9 9  ( 4  ) 3 b 0 9  ( 2 ) 4 Ì i

C ( 3  I ) 5 1 6 1 ( 4 ) 22 J b ( 4 ) l b 6 7 {2 ) b 1 i

C ( 3 2  ) 5 8 0 6 ( 4 ) 2 0 5 7 ( 4 ) 3 1 5 2 (2) 5 4  t

C ( 3  3  ) 5 5 6 Jt ( 4  ) 1 3 0 7  ( 4 ) 2 6 7 3  ( 2 ) 4 3 i

T a b l e  3. Bond l e n g t h s 1A1 and  a n g l e ® fdog 1 For  <: i Í t a b .

Ru ( 1 ) N(7) 2 . 050 3)
Ru ( 1 ) N (6 ) 2 . 057 i)
RU (1 ) N ( 5 ) 2 . 059 i)
Ru { 1 ) N ( I ) 2 . 064 3)
RU ( 1 1 Mi 1 ■ > . 074 3)
Ru ( 1 ) N . Î ■ 2 . 086 ’.)
Mil) K t 1 : . . -»'14 1)
I 'l 1 I F t i ■>; i . bbf> 4 )
l’ { 1 ) I *' ( 1 3 ) 1 . b 02 i)
P( 1 ) K (16) ! . b 9 9 3)
P (1 ) IV{ 12) : .60  0 4 )
PCI) I'' ( I D 1 . 608 3)
l>(2 ) )•' Í 2 1 J Jl 1 1 . ì 8 ti 1 2 !
l>(2 ) if (2 1 ) 1 . 4 86 1.2 )
l>(2 ) !•' ( 2 1 X ) II1 1 . 532 1 9)
1 * ( 2 ) IM2IX) 1 . b 13 1 9)
l><2 ) F (2 ÌX ) i . 556 1 6 )
1 ’ ( 2 ) F (2 IX) II 1 1 , ’>56 1 0 )
l>(2 ) I'1 (23) 111 1. . 570 9)
PC?) I-' ( 2 1 » : 2570 -J)
P (2 ) F (2 2 ) II 1 : . 568 6 )
Pi 2 I*' (22  ) 1 . b68 6 )
P ( 2 ) F(22X) II 1 1 . 609 1 8 )
P ( 2 ) F (2 2 X) 1 . 609 1 8 /
P ( 3 ) 1*' ( 31 ) II2 1 . 56 1 4 )
P { Ì ) I- ( M ) ¡ . 56 t 4 )
IMO »••{ VA) ' . bb V 1 )
P i i ) F \ 12) II.'. ¡ . 56 i 1 )
PM ) F( ì II2 : . b / 1 '1 )

i



t*:iîî,c A ul I I

p(  n  p ( 1 3)
F ( 2 1  ) F ( 2 IX)
F (2.1 ) - F  (22X)
F (2 2 ) F (2 2 X )
F (22)  F (2 i X )
I'* ( 23)  F ( 2 3 X)
F ( 23  F (21  X)
F (23» F ( 2 2 X ) | | 1  
F ( 2 : ’ .;) I'' ( 2 J ) Il I 
N (I ! C ( 2 )
N ( 1  ) 0 ( 1 )
N ( 2 ) C ( 3 )
N ( 2 ) C ( l )
N ( 2 Ì C ( 7 )
N (3) 0 ( 1 3 )
N ( 1 ) C ( 9 ) 
n ( 4 ) c: ( i o )
N(4) (.’ ( M )
N (b) C ( 23)
N(b) C (19)
N ( 6 ) - C (24)
N(6)  C[ 2f ì )
N ( 7 ) C ( 3 3 )
N (7)-C(29)
O Ù )  C ( 8 )
C ( 2 ) O H )
C (2 ) C ( 9)
0 ( 3 )  0 ( 4 )
0.(4) 0 (b)
C ' - V  0 (6 )
C  ‘ • 7  )

( ■ . Vi 0»
c i  i o • c: ( i l )  
c: • ; i c  ( i 2  )
C ' j 2 ‘ f’ ( I i)
Ci  M • C ( IS)
(' . V. i I Cl I 
( ' ( i • ( • ( I 7  )
CM 1 7 -  0 ( 1 8 )

c:« ¡ fr« «*( 11>)
C ( I 9 '  C ( 2 0 ) 
C ( 2 0 )  C * ( 2 1 )
C : V 2 i ) v. (22)
(M2 2 ) c: (2 1)
(•¡2 1) 0.(2b)
C ( 2b) (’ ( 2G )
C ( 26)  C (27)
(.' ( 27)  0 ( 2 8 )  
0 ( 2 8 )  0 ( 2 9 )  
0 ( 2 9 ?  0 ( 1 0 )
C*. ■;'■)' ( • ( ' , ! ?

C’ . : ,  V ’ ( 12)
( ’ i 12 ‘ C( 53)

I . b 7 b  M  )
0  . -1 9  ( 6  )

1 . 6 0  ( 1)
I . J 9 0  ( 1 b )  

1 . 4 8 ( 3 )
0 . 8 6  (3)
1 . 8 3  ( • )
1 . 759 ( I ' ) )  
I . 7 S 9(19)  
.1 . 3 b 3  ( b )
1 . 3 5 2 ( b )
1 . 3  9 4 ( 5 )  
1 . 4 1 0 ( 6 )
1 . 4 2 5  ( 6 )

1 . 3 4 I ( 5 )  
l  . 3 6 6  ( b )
1  . 3 5 2 ( 5 )
] . 3 6 0  ( b )  
1 ^ 3 4 3  ( b )
1 . 3 7 2  ( b )

L . 3 5 4 ( b )
1 . 3 5 8 ( 5 )  
1 . 3 5 1 ( 5 )
1 . 3 6 8 ( 5 )

I . 4 7 1 ( 6 )  
1 . 3 7  1 ( b )  

1.445(5 )  
l . 3 8 8  ( b )
I . 3 4  1 ( 6 )
I .429(7)

. I b O  (••.)
I . 3 9 0  ( 6 )
I . 3 7 9 ( 6 )
I . 3 8 4 ( 6 )

I . 3 7 I (6 )
1 . 3 6 8  ( 6 )
I . 3 7 b ( 7 )
I . 3 6 6 ( 7 )
I . 1 9 6 ( 6 )  
i . 4 / 9 ( 6 )
I . 1 8 2 ( 6 )
I . 3 7 7 ( 7 )
I . 3 b 2  (8 )
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C ( 2 6  ) 4 0 ( 3 ) 52. (3) 4 3  ( 3 ) 4 (2) 2 2  ( 2)
C ( 2 7 ) 4 2  ( n 5 0 (3) 3 5 ( 2 ) 3 ( 2 ) 15 (2)
C ( 2 8 ) 3 9 ( 2 ) 3 2 (2 y i 0 ( 2 ) i ( 2 ) 6 ( 2 )
C (29) 34 ( 2) 33 ( 2) 27 (2) 3 (2) . (2)
C (30) 57 (3) 3 6 ( 3 ) 34 (2) ■ 3 ( 2 ) 8 (2 )
C ( 3 1 ) 73 (4) 3 8 ( 3 ) 42 (3) .1 3 ( 2 ) 0 ( 3 )
C ( 3 2 ) 5 9 ( 3 ) 4 5 ( 3 ) 53 (3) 6 (2) 1 ( 3 )
C (33) 4 4 ( 3 ) 4 1 ( 3 ) 4 0 ( 2 ) 1 (2) 1 (2)

T a b l e  5 .  H y d r o g e n  c o o rd ir ia l ,< ? b  ( >: 1 0 * 4 )  a n d  i s o l  r o p ic :  
d i s p l a c e m e n t  p a r a m e t e r s  (A^2 x 1 0 A3) foi :  c i  ( L a b .

X y z U.(ç

H (4) 4 94'7 2:1 /8 - 7 4  • <i 57 <
H (5) 3 979 ■ 34 9.L - 6 1 0 "• 5 7 1
H ( 6 ) 2324 3920 i 1 0 57 t
F(.( 7 ) 172 2 . 3 06 5 . 3 7 9 57 i,
1 1 ( 8 A ; 22  I 5 ) r.M, 1 91 7 6 6  .
i i p ; -, • 11 s; 1 . i : : 8 2 6 5  *
il ^ i v,-. *' * l 1 -1 (i 3 66  i
11( 10) 5 9 /  7 1 0 2  1 2 6 4 4.7 i
H ( 1 1  ) 75 30 9 3 524" 4 7 i
n ( 1 2 ) 78 0 i 9 95 1 4 13 4 7 i'
J1 ( 1 3)  
11(1 ! ■

6 1 U 8
'i t  \ -i

1 205 I 9 5 7 4 7 i
-. . ; . . . kJ 1 Ci 5 v 52 ■

ii ( :i 5 1 23 09 228 9 -1 8 52 i
H ( 1 6 ) 3 2 3 (> 3 84 5 1 7 5 52 i
Il ( 1 7 ) 4 4 0 5 4 008 1 i 2 1 52 »
11 ( 2 0 ) 5 1 6 4 4 1 6 5 2 164 5 i i
11(21 ) 5 9 M 4 1 54 3 2 2 9 5 3 i
H ( 2 2 ) 5977 262 5 3 7 94 53 i
11( 2 .:!) 5 M 4 1 080 32 93 5 3 i
M (24 ;. 2080 1 5 ify .1 92  5 46 •
1 1( 25) 95 1 1 721 2 5 9 8 4 6 i
Il (26) 1 255 78 i •3 5 •15 4 6 i
H'(27) 26  i l ) 8 !) ■5 7 5 2 i 6 r
11 ( Î 0 ) 3 7 97 1 691 ) 7 8  ! 52 i
H ( i l ) 53 | H 2 /2  < *88 ! 5 2  <
11 { ’• 64 1 1 2 I 1 , 8 i ; '..ï .
il (:î ’.5 (»00 1 1 22 0 . : >Svi i • »
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Structure o f  I Ru(bpy)2(LL3)i(i>F{i)5. Detailed X-Ray Crystallography Data 

from the analysis of'this complex follows.
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T a b l e  1.  C r y s t a l  d a t a  and s t r u c t u r e  r e f in e m e n t  f o r  c i f t a b .

4)

I d e n t i f i c a t i o n  co d e  

Kmpi r i ca J  f o r m u l a  

F o rm ula  w e i g h t  

T e m p e ra tu re  

W av e len g th

C r y s t a l  s y s t e m ,  s p a c e  g r o u p

U n i t  c e l l  d im e n s io n s  
= 90 d e g .

1 1 2 . 3 4 5 0 ( 1 0 )  d eg .

= 90 d e g .

Volume

2,  C a l c u l a t e d  d e n s i t y  

A b s o rp t i on co o  f ( i c  i eri t 

I1' (0 0 0 )

C r y s t a l  s i z e

T h e t a  r a n g e  f o r  d a t a  c o 1 \ e c t i o n

Index r a n g e s
I < i < 21

md2

C34 1130 F I 2 NB 0 P2 Ru 

9 57 . 6 7  

20 0( 2 )  K 

0 . 7 1 0 7 3  A

m o n o c l in ic ,  P 2 ( l ) / c  (No. 1

a = 1 7 . 7 1 6 3 ( 1 2 )  A a l p h a  

b = 1 3 . 8 6 3 1 ( 9 )  A b e t a  = 

c = 1 6 . 3 9 7 0 ( 1 1 )  A gamma

3 7 2 4 . 8 ( 4 )  A* 3 J

4, 1 . 7 0 8  Mg/mA3

0 . 6 1 0  irimA-T

I 920

0 . 3  x 0 . 3  x 0 . 1  mmA3 

1 . 2 4  t o  2 8 . 3 0  d e g .  

-23<= h< =23, -18<--k< IB, -2

697
R e f l e c t i o n s  c o l l e c t e d  /  u n i q u e  39757 /  9138 I R ( i n i )  0 . 0

on F''2

C o m p le te n e s s  t o  t h e t a  2 8 . 3 0  

RefLnement  me I hod

D ata  /  r e s t r a i n t s  /  p a r a m e t e r s

G o o d n e s s - o f - f i t  on FA2

Ki na I R i n d i c e s  I I.>2sJ gma ( l ) |

94.8%

Fu1 1 - mat r  i  x 1ea  s  t - s q  ua r e s

9138 /  0 /  565

I .04 9

R1 0 . 0 4 9 2 ,  wR2 0 . 1041

Page 1
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R i n d i c e s  ( a l l  d a t a )  R1 = 0 . 0 9 4 1 ,  wR2 = 0 . 1 2 6 8

L a r g e s t  d i f f .  p e a k  a n d  h o l e  0 . 8 4 6  a n d  - 0 . 6 9 7  e . A A- 3

T a b l e  2 .  A t o m i c  c o o r d i n a t e s  ( x 1 0 A4) a n d  e q u i v a l e n t  i s o
I; t o p  i a

d i s p l a c e m e n t  p a r a m e t e r s  (AA2 x  1 0 A3) f o r  c i f t a b . ; .

n a l i z e d
U(eq)  i s  d e f i n e d  as  one 

U i j  t e n s o r .

t h i r d  o f  t h e t r a c e  o f  t h e o r t h o g o

(e q )
X y

4
4

z U

8 ( 1 )
Ru (1) 2197 (1) - 6 7 3 ( 1 ) - 6 4 5 ( 1 ) 2

0 ( 1 }
N ( l ) 1064 (2) - 1 1 4 4 ( 2 ) - 7 4 5 ( 2 ) 3

2 (1 )
. N (2 ) 1.491 (2) 534 (2) - 1 15 8  (2) ,5 3

2 (1)
N( 3 ) 200 8( 2 ) - 1 3 5 2  (2) - 1 8 2 2 ( 2 ) 3

1 (1 ) 

2 (1)

N (4 ) 282 3( 2 ) - 1950(2) - 2 1 6 ( 2 ) 3

N (5) *284 (2) 33(2) 473 (2) 3

9 Cl )
N ( 6 ) 25 0 4 ( 2 ) - 6 8  (2 ) 566(2) 2

0 (1)
N (7) 21 51 (2) 109(2) 1176(2) 3

2 (1)
C (31) 2628 (2 ) 431(3) 1853(2) 3

6 (1)
C ( l ) 8 60 (3) - 2 0 5 8 ( 3 ) - 6 2 7 ( 2 ) 3

5 ( 1 )
C (2) 95 (3) - 2 2 9 9 ( 3 ) - 6 7 3 ( 3 ) 4

8 (1)
C (3) - 4 8 9 ( 3 ) -1584  (3) - 8 3 0 ( 3 ) 4

1 (1)
C (4) - 2 9 5 ( 2 ) -661 (3) - 9 6 9 ( 3 ) 4

2 (1)
C (5) 48.1 (2) - 4 4 8 ( 3 ) - 9 3 5 ( 2 ) 3

1 (1)
C (6) 720 (2) 494 (3) - 1 1 6 8 ( 2 ) 3

Page 2
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1 (1 

6 ( 1  

5(1 

7(1 

9(1 

5 (1  

0 ( 1  

5(1  

4 (1 

A (1 

0 ( 1  

6 < i :  

i  ( i  

9 (1

o (i : 

0 ( 1 

i d :  

A ( 1 

3(1  

0 ( 1  

3 h  :

7(1

é d . :

7 ( i ;

3 ( 1 !

C (7 ) 201( 3) 1282(3) - 1 4 3 6 ( 3 ) 4

C ( 8 ) 4 56(3) 2 115( 3) - 1 7 2 0 ( 3 ) 4

C ( 9) 1224(3) 2134(3) - 1 7 3 9 ( 3 ) 4

0 ( 1 0 ) 1723 (2) 1341(3) -14 53(2) 3

C U D 1522(3) - 1 0 3 6 ( 3 ) - 2 6 3 0 ( 3 ) 3

C (12) 1390 (3) - 1 5 6 0 ( 3 ) - 3 3 9 3 ( 3 ) 4

C (13) 1763( 3) - 2 4 3 9 ( 3 ) - 3 3 2 2 ( 3 ) 5

C(14) 22.53 (3) - 2 7 8 2 ( 3 ) - 2 51 0 ( 3 ) 4

C ( 15) 2358 (2) - 2 2 3 6  (3) - 1 7 6 4 ( 2 ) 3

C ( 16 ) 2 83 0( 2 ) - 2 5 6 6 ( 3 ) -8 60  (2 ) 3

C ( 1.7 ) 3 2 53 ( 3 ) - 3 4 3 6 ( 3 ) -652 (3) 5

C ( 18 ) 366 5( 3 ) - 3 6 9 1 ( 3 ) 211(3) 5

C (19) 3655( 3) - 3 0 7 3 ( 3 ) 859(3) 5

C (20) 32 33( 3 ) - 2 2 1 6 ( 3 )
«e

629(3) 3

C ( 21) 36 3 9( 2 ) 81 (3) - 1 0 7 3 ( 3 ) 4

C (22) A2 8 A (3) 6 8 ' ( 3 ) - 9 0 3 ( 3 ) 5

C ( 23 ) 4 590 (3) 1256(3) - 2 5 1 ( 3 ) 5

C (24) 4 2 64 (3) 1209(3) 392(3) 4

C (25) 361 7(2) 588(3) 271( 2) 3

C (26) 3171 (2) 4 74 (2) 848(2) 3

N(8 ) 3281 (2) 811(2) 1678 (2) 3

C (27 ) 3870 (3) 1364 (3) 2292(3) 4

C ( 2 8 ) 3 806( 3) 1546(3) 3065(3) 5

C (29) 3149( 3) 1179(4) 3263 (3) 5

C ( 3 0 ) 2 56 2 (3 ) 625(3) 2666(3) A

0 (1 0 0 ) - 2 2 7 6 ( 4 ) - 2 9 4 6 ( 5 ) -1901  (4) 14
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4 (2)

7 ( 2)
C(100) - 2 3 5 2 ( 4 ) - 2 8 6 8 ( 4 ) - 5 2 3 ( 4 ) 7

6 (2 )
C{1 0 1 ) - 2 3 9 2  (3) - 3 3 6 2 ( 5 ) -1291. (4) 7

3 ( "! )
C (1 0 2 ) - 2 6 1 6 ( 4 ) - 4 4 1 3  (5) - 13 99 (4 ) 10

3 (1)
P ( 1 ) 805 ( l) 5066(1) - !1 8 8 ( 1 ) 4

5( 1)
F ( 11 ) 635(2) 4232(2) - 671  (2) 6

4( 1)
F ( 12 ) 11 91( 2) 5715(2) - 3 1 8 ( 2 ) 6

5( 1 )
F ( 13 ) - 4 ( 2 ) 5531(2) - 149 0  (2) 6

0 (1 )
F ( 14 ) 1149(2) 5895(2) - 1 7 0 2 ( 2 ) 6

8 ( 1 )
F ( 15) 585( 2) 4417 (2) -2057 (2) 6

2 (1 )
F ( 16) 1 77 8( 2 ) 4596(2) - 899  (2) 6

2 ( 1 )
P ( 2 ) 4863 (1 ) - 3 7 6 3  (1 ) -.1853(1.) 5

9 ( 1 )
F (21) 52 25( 2 ) - 4 7 3 7 ( 2 ) - 2 0 5 0 ( 3 ) 8

2 (2 )
F (24) 4508 (2) - 2 7 6 8 ( 3 ) -1 667(3) .? 11

9 (2)
F (22) 47 64 (4) - 4 2 8 5 ( 5 ) -1048  (4) 8

0 (2 )
F (23) 3955  (3) 4 022(4) •?454 (3) 6

4 (2 )
F (2.:) 4949 (4) 3208(0) >661(4) 8

0 (2 )
F (26) 57 54 ( 3 ) - 3 4 0 5 ( 4 ) 125-2(5) 9

7 ( . , 7 )
F ( 2 2 X; 4 1 4 3 ( 1 7 ) •••4312 (15) - 1 8 1 0 ( 3 ) 15

0( 7)
F (2 JX) 4 475 (1 0) - 4 0 1 1 ( 1 3 ) - 291 0 (1  0 ) 10

3( 6 )
F(25X) 5 5 7 6( 1 1 ) - 3 3 2 5 ( 1 0 ) - 2 0 9 7 ( 1 4 ) 8

4 ( 1 1 )
F ( 2 6X ) 53 19 ( 19 ) - 36 60  (13) -90J  (9) 1 4

T a b l e  3. Bond 1e n g t fes [A] and a n g le s idegl  f o r  < ¡ f t  a b .

LJaqe 4



muni rod!:»

Ru (1) -N ( 6 ) 2 . 030 3)
R u ( 1 ) - N (3) 2 . 058 3)
R u ( 1 ) - N (1) 2 . 0 5 8 3)
R u ( l ) - N ( 4 ) 2 . 0 6 5 3)
R u ( 1 ) - N (2 ) 2 . 0 6 7 3)
Ru ( 1 ) - N (5) 2 . 0 8 2 3)
N ( l ) - C ( l ) l . 351 5)
N (1) -C(5) 1 . 3 6 0 5)
N (2 ) - C ( 1 0 ) 1 . 34 4 5)
N (2) - C (6 ) 1 . 36 1 5)
N ( 3 ) - C (11) 1 .348 5)
N (3) -C ( 1 5) 1 .361 5)
N ( 4 ) - C (2 0 ) 1 . 3 4 8 5)
N ( 4 ) - C (16) 1 . 3 6 3 4)
N ( 5 ) - C (21) 1 . 3 5 5 5)
N ( 5 ) - C (25) 1 . 3 7 2 5)
N ( 6 ) -C  (2.6) 1 . 3 2 7 5)
N ( 6 ) -N (7) 1 . 3 6 9 4)
N ( 7 ) - C (31) 1 . 3 3 9 5)
C ( 3 1 ) - N (0) 1 . 3 9 6 5)
C ( 3 1 ) - C (30) 1 . 4 0 7 5)
C (1) -G (2) 1 . 370 6 )
C ( 2 ) - C (3) 1 . 3 8 5 6 )
C ( 3 ) -C (4) 1 . 3 6 6 6 )
C ( 4 ) - C (5) 1 . 3 8 6 5)
C ( 5 ) - C ( 6 ) 1 .4 68 5)
C ( 6 ) - C (7) 1 . 3 8 8 5)
C ( 7 ) - C ( 8 ) 1 . 3 8 5 6 )
C ( 8 ) ~ C (9) 1 . 373 6 )
CCS) 0 ( 1 0 ) 1 . 376 6 )
0 ( 1 1 )  Ci  12) 1 . 188 5)
C ( 1 2 ) - C (13) 1 r 371 6 )
C ( 13) -C ( 1.4 ) 1 . 369 6 )
C ( 14 ) -  C ( 15 ) 1 . 3 8 8 5)
C ( I 5 ) - C ( 1.6 ) 1 .471 5)
C ( 1 6 ) -C(17) 1 . 3 9 2 6 )
CCI 7 ) -C ( 18) 1 . 3 6 9 6 )
CCI «) -C (19) 1 . 3 6 9 6)
(3(19) -C (20) 1 . 379 6 )
C ( 2 1 ) - C (2 2 ) 1 . 376 6 )
C ( 2 2 ) - C (23) 1 .37 0 7)
C ( 2 3 ) -C ( 2 4 ) 1 .384 6 )
C ( 2 4 ) - C (25) 1. . 3 86 6 )
C (25) -C (26) 1 .451 5)
C (2 6 ) - N (8 ) 1 . 38 3 4)
N (8 ) - C (27) .1. . 376 5)
C ( 2 7 ) - C (28) 1 . 340 6 )
C (28) -C (2 9) 1 . 4 1 6 7)
C ( 2 9 ) - C (30) 1 . 363 6 )
0 ( 1 0 0 )  - C ( l  01) 1 . 238 7)

Paqc: b



in ¡3 n f'j-edb

c 1 0 0 ) - C( 1 0 1 ) 1 . 4 1 2  (8)
c 1 0 1 ) - C (102) 1 . 5 0 3 ( 9 )
p l ) - F ( l l ) 1 . 5 9 4 ( 3 )
p 1 ) - F { 1 4  ) 1 . 5 9 6 ( 3 )
p 1) - F ( 1 5 ) 1 . 5 9 5 ( 3 )
p 1 ) - F (13) 1 . 5 9 6  (3)
p 1 ) - F0 &) 1 . 5 9 7  (3)
p I. > - f  ( I ft) 1.  C>07 (3)
p 2 ) - F( ?6X) 1 . 4 6 6 ( 1 5 )
p 2 ) - F (22X) 1 . 5 1 2 ( 1 5 )
p 2 ) - F (22) 1 . 5 7 2 ( 5 )
p 2) - F (23) 1 . 5 7 5 ( 5 )
p 2 ) -  F ( 21 ) 1 . 5 8 0  (3)
p 2 ) -  F ( 2 5X ) 1 . 5 8 4 ( 1 3 )
p 2 ) - F (25) 1 . 5 8 8 ( 5 )
p 2) -  F (26) 1 . 5 9 0  (4)
p 2 ) ~F (24 ) 1 . 5 9 2  (4)
p 2) -F(23X) 1 . 6 5 1 ( 1 4 )

N 6 ) - R u (1 ) - N (3 ) 1 7 3 . 8 7 ( 1 2 )
N 6 ) - R u ( l )  -N (1) 9 5 . 7 0  (11)
N 3 ) - R u ( 1 ) - N ( 1 ) 8 8 . 5 3 ( 1 1 )
N 6 ) - R u ( 1 ) - N (4 ) 9 6 . 3 6 ( 1 2 )
N 3 ) --RÎ1 ( 1 ) -N (4) 7 8 . 6 2 ( 1 2 )
N 1 ) - R u ( 1 ) - N (4) 9 7 . 8 1 ( 1 2 )
N 6 ) - R u ( 1 ) - N (2) 8 7 . 6 8  (11)
N 3) ~Ru ( 1 ) -N (2 ) 9 7 . 5 2 ( 1 2 )
N l ) - R u ( l ) - N (2) 7 8 . 6 7 ( 1 2 )
N 4) -Ru (1 ) ■ - N ( 2 ) 1 7 4 . 9 2 ( 1 2 )
N 6 ) -  R u (1 ) - N (5) 7 7 . 4 8  (1,2)
N 3) Ru CI ) -N (':.) 9 8 . 8 9 ( 1 2 )
N 1) “ R u ( i ) N(h) 1 6 9 . 8  6 (i 2 )
N 4) - Ru ( ). ) "N (5) 9 0 . 4 6 ( 1 2 )
N 2 ) “R u {1 ) - N (5) 9 3 . 4 3 ( 1 2 )
C 1) -N ( 1 ) “ C (5) 1 1 8 . 5 ( 3 )
C 1 ) N ( 1 ) -Ru (1 ) 1 2 6 . 3 ( 3 )
c 5 ) - N ( 1 ) -Ru ( 1) 1 1 5 . 2 ( 2 )
c 1 0 ) —N (2 ) -C ( 6 ) L1 8 . 1  (3)
c 10) -N (2) -Ru ( 1 ) 1 2 6 . 9 ( 3 )
c 6 ) -N (2) -RU (1 ) 1 1 4 . 9 ( 2 )
c 11) —N ( 3 ) - C (15) 1 1 7 . 7 ( 3 )
c 1 1 ) - N ( 3 ) - R u ( 1 ) 1 2 6 . 0 ( 3 )
c 1 5 ) ~ N (3 ) - R u (1 ) 1 1 6 . 0 ( 2 )
c 20) -N ( 4 ) --C ( 16) 1 1 7 . 7 ( 3 )
c 20 ! - N (4 ) - R u (1) 1 2 6 . 5 ( 3 )
c 1 6) -N (4) -Ru  ( 1 ) 11 5 . 8  (2)
c 2 ] ) - N ( 5 ) - C( 2 b) 1 1 7 . 3 ( 3 )
c 2 1 ) -W ( 5 ) -Ru Cl) 1 2 5 . 8 ( 3 )
c 25)  - N (5) -Ru ( I ) 1 1 6 . 5 ( 2 )
c 2 6 ) ~N( 6 ) - N ( 7) 11 1 . 4  (3)
c 2 6 ) -N (6 ) -Ru ( 1 ) 1 1 6 . 5 ( 2 )



m. m 1 red!»

N 7 ) - N ( 6 ) - R u (1) 1 3 2 . 1 2)
C 3 1 ) - N ( 7 ) - N (6) 1 0 5 . 2 3)
N 7) -C (31 ) -N (8) 1 1 0 . 7 3)
N 7 ) - C ( 3 1 ) - C (30) 1.29. 6 4)
N 8 ) - C ( 3 1 ) -C (30) 1 1 9 . 7 4)
N 1 ) - C ( 1 ) - C (2) 1 2 2 . 3 4)
C 1 ) - C ( 2 ) - C ( 3 ) 1 1 9 . 3 A)
C 4 ) - C ( 3 ) - C (2) 11.9.0 4)
c 3 ) - C ( 4 ) - C (5) 1 2 0 . 0 4)
N 1 ) - C ( 5 ) -C (4) 1 2 0 . 9 4)
N 1) -C (5) -C ( 6) 1 1 5 . 0 3)
C 4) —C (5) —C (6) 1 2 3 . 9 4)
N 2 ) - C ( 6 ) - C (7) 1 2 1 . 0 4)
N 2) ~ C ( 6 ) - C (5) 1 1 4 . 9 3)
C 7 ) - C ( 6 ) - C (5) 1 2 4 . 1 4)
c 6 ) —C ( 7 ) —C(8) 1 2 0 . 0 4)
c 9 ) - C ( 8 ) - C (7) 1 1 8 . 5 4)
c 10) -C (9) -C (8) U 9 . 4 4)
N 2 ) - C ( 1 0 ) - C (9) 12 3f. 0 4)
N 3 ) - C ( 1 1 ) -C (12) 1 2 2 . 8 4)
C 1 3 ) - C ( 1 2 ) - C (11) 1 1 8 . 6 4)
c 1 2 ) - C ( 1 3 ) - C (14) 1 1 9 . 9 4)
c 1 3 ) - C ( 1 4 ) - C U 5 ) 1 1 9 . 4 4)
N 3 ) - C ( 1 5 ) -C (14) 1 2 1 . 6 4)
N 3) -C (15)  -C (16) 1 1 4 . 8 3)
C 1 4 ) - C ( 1 5 ) - C (16) 1 2 3 . 6 4)
N 4) -C (16)  - C (17) 1 2 1 . 0 4)
N 4 ) - C ( 1 6 ) - C (15) 1 1 4 . 7 3)
C 1 7 ) - C ( 1 6 ) ~ C ( 1 b) 1 2 4 . 3 3)
c 1 8 ) - C(  l 7 ) - C (  l 6) 1 2 0 . 2 4)
c 19) C ( 1 8) C( 17) ¡ 1 8 .  7 4)
r 1») C ( 1 9) C (20) 11 9 .  5 4)
N A ) - C ( 2 0 ) - C (19) 1 2 2 . 7 4)
N 5)—C (2 1 ) - C (2 2 ) 1 2 3 . 2 4)
c 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 1 8 . 8 A)
C 22) C ( 2 3 ) - C ( 2 4 ) 1 2 0 . 0 4)
c 2 3 ) - C ( 2 4 ) - C (25) 1 1 8 . 9 4)
N b) -C (25.) -C (24 ) 121.  8 3)
N 5) -C (25)  -C (26) 1 1 1 . 2 3)
C 24 ) -C (25)  - C (26) 1 2 6 . 8 4)
N 6.) -C (26)  -JSI (8) 1 0 7 . 9 3)
N 6 ) - C ( 2 6 ) - C (25) 1 1 7 . 9 3)
N 8 ) -C (26)  -C (25) 13/1.2 3)
C 27)  -N (8) -C (2.6) 1 3 3 . 8 3)
C 2 7 ) - N ( 8 ) - C (31) 1 2 1 . 2 3)
C 2 6 ) - N ( 8 ) -C (31) 1 0 4 . 9 3)
C 2 8 ) - C ( 2 7 ) - N( 8 ) 1 1 8 . 9 4)
C 27)  -C (28)  -C (29) 1 2 1 . 5 4)
C 3 0 ) - C ( 2 9 ) - C (28) 1 2 0 . 4 4)
c 2 9 ) - C ( 3 0 ) - C (31) 1 1 8 . 2 4)
0 1 0 0 ) - C ( 1 0 1 ) - C ( 1 0 0 ) 1 2 1 . 9 7)

P i i q e  7
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0 1 0 0 ) - C ( 1 0 1 ) -C (1 0 2 ) 1 1 8 . 3  (?)
c 1 0 0 ) - C ( 1 0 1 ) - C  (102) 1 1 9 . 8 ( 5 )
F 11) - P  (1) - F  (14 ) 1 79 . 1 6  (18)
F 11) - P ( l )  - F (15) 9 0 . 0 2 ( 1 6 )
F 14 ) - P  (1 ) -  F ( 15) 9 0 . 0 6 ( 1 6 )
F l l ) - P ( l )  - F ( 1 3 ) 9 0 . 9 5 ( 1 7 )
F 1 /îÌ - P  ( 1 ) - F U  3) 89.  89 (1 6 )
F 1 5 ) - P ( 1) F (13) 8 9 . 8 1 ( 1 6 )
F l l ) - P ( l )  - F (12) 9 0 . 0 8  (16)
F 1 4 ) - P ( 1 ) - F (12) 8 9 . 8 3 ( 1 6 )
F 1 5 ) - P ( . 1 ) - F ( 1 2 ) 1 7 9 . 6 3 ( 1 8 )
F 1 3 ) - P ( 1 ) - F (12) 9 0 . 5 4 ( 1 6 )
F 11 ) -P  (1) -  F (16) 8 9 . 4 3 ( 1 6 )
F 14 ) -  P ( 1 ) -  F ( 16 ) 8 9 . 7 3 ( 1 6 )
F 15) - P  ( 1 ) - F  (16) 8 9 . 4 9 ( 1 6 )
F 13) - P  ( 1 ) - F  (16) 1 7 9 . 2 0  (16)
F 12) - P ( l )  - F  (16) 9 0 . 1 6 ( 1 6 )
F 2 6 X ) - P ( 2 ) -F(22X) 9 7 . 5 ( 1 6 )
F 26X) - P  (2) - F (22) 4 9 . 0 ( 8 )
F 22X) - P  (2) - F  (22) 5 0 . 3 ( 1 4 )
F 26X) -P  (2) - F  (23) 1 3 5 . 0 ( 1 2 )
F 22X)—P (2) -  F (23) 4 0 . 2 ( 1 5 )
F 2 2 ) - P  ( 2 ) - F  (23) 9 0 . 4 ( 3 )
F 26X) - P  (2) -  F (21) 1 0 1 . 4 ( 1 0 )
F 22X) - P  (2 ) - F  (21 ) 8 9 . 7  (7)
F 2 2 ) - P  ( 2 ) - F  (21 ) 8 7 . 8 ( 3 )
F 23) - P  (2) - F  (2.1) 9 4 . 3 ( 2 )
F 2 6 X ) - P ( 2 ) - F ( 2 5 X ) 9 3 . 5 ( 1 2 )
F 22X) P ( 2 ) - F ( 2 5 X ) 167 . 1  (.12)
F 2 2 ) - P ( 2 ) - F(25X) 1 3 7 . 9 ( 8 )
F 23 '  P (2) i-’ (25X) 3 0 . 7 ( 8 )
F 2 1.' P ( 2 )— F ( 2 5X ) 81 . 5 ( 5 )
F 2 6 X ) -P ( 2 )  - F  (25) 1 3 0 . 6 ( 9 )
F 22X) - P  (2 ) - F  (25) 12.9 .5(16)
F 22) - P ( 2 ) - F  (25) 1 7 8 . 3 ( 3 )
F 23 ) P (2 ) -  F (25) 8 9 . 3 ( 3 )
F 21 ) -  P ( 2 ) -  F ( 2 5 ) 9 3 . 9 ( 2 )
F 25X ) - P  (2) —F (25) 42.  7 (7)
F 26X) - P  (2) - F (26) 4 5 . 1 ( 1 0 )
F 22X) - P  (2) - F  (26) 141.  6(16)
F 2 2 ) - P  ( 2 ) -F (2 6 ) 9 1 . 4 ( 4 )
F 2 3 ) - P  (2) - F  (26) 1 7 4 . 9 ( 3 )
F 21 ) - P  ( 2 ) - F  (26) 9 0 . 5  (2)
F 25X) - P  (2) - F  (26) 4 8 . 5 ( 7 )
F 2 5 ) - P  ( 2 ) - F  (26) 8 8 . 8  (4)
F 26X) -  P (2) - F  (24 ) 7 9 . 1 ( 9 )
F 22X) - P  (2) - F  (24 ) 91 . 4  (7)
F 2 2 ) - P ( 2 ) - F (24) 9 3 . 5 ( 3 )
F 23) - P  (2) -  F (24) 8 6 . 2 (2 )
F 21) - P  ( 2 ) - F (24) 178 .7  (2 )
F 2SX) —P (2 ) - F  (24) 9 7 . 3 ( 6 )

P aqe 8
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F (25)  - P  (2 ) -  F (24 ) 84 . 8 (3)
F (2 6 ) - P ( 2 ) - F ( 2 4 ) 8 9 . 0  (2)
F (2 6X) - P  (2) - F  (23X) 1 7 0 . 1  (12)
F (2 2 X ) - P ( 2 ) - F ( 2 3 X ) 8 5 . 9 ( 1 4 )
F ( 2 2 ) - P ( 2 ) - F  (23X) 1 3 1 . 1 ( 8 )
F (2 3 ) - P ( 2 ) - F (2 3X) 51 . 4 ( 6 )
L1' (21)  -  P (2 ) -b' (23X) 6 9 . 2 ( 6 )
F (2 5X) -  P (2 ) -  F (2 3X) 8 2 . 2 ( 9 )
F ( 2 5 ) - P ( 2 ) - F (23X) 4 9 . 7  (7)
F (26)  - P  (2) — F (23X) 1 2 9 . 5 ( 7 )
F ( 2 4 ) - P ( 2 ) - F ( 2 3 X ) 1 1 0 . 3 ( 6 )

S y m m e t r y  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a t
om s:

4

T a b l e  4 .  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (AA2 x  1 0 A3) f o r  
c i f t a b .

Th e  a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  f o r m ;
- 2  p i A2 [ h A2 a * A2 U l l  + . . .  + 2 h  k a*  b *  U12 ]

u i  2
U l l U22 U33 U23 Ul 3

Ru (1) 
3 (1 )

30(1 ) 20(1) 28 (1) 0(1) 13 (1)

JM (1 ) 
-2  (1)

34 v V) 31 (2) 2 5 ( 2 ) • 3(1 ) 1 2 ( 1 )'

N ( 2 )
3 ( 1 )

3b [ / ) 31 (2) 2 9 ( 2 ) - 2  ( 1 ) 12 (1)

N (3) 
2 (1)

33 ( 2 ) 3 6 ( 2 ) 2 9 ( 2 ) - K D 1 4 ( 1 )

N (4) 
3 ( 1 )

3 3 ( 2 ) 30 (2) 3 3 ( 2 ) 2 ( 1 ) 1 6 ( 1 )

N (5 ) 
6 (1)

31 (2) 3 2 ( 2 ) 3 5 ( 2 ) 5 ( 1 ) 1 5 ( 1 )

N( 6)  
2 (1)

3 1 ( 2 ) 2 5 ( 2 ) 32 (2) 0 ( 1 ) 14 (1)

N(7)  
2 (1)

3 3 ( 2 ) 2 9 ( 2 ) 3 2 ( 2 ) 0 ( 1 ) 18 (1)

C ( 3 1 )
5 ( 2 )

3 5 ( 2 ) 2 7 ( 2 ) 3 7 ( 2 ) 0 ( 2 ) 17 (2)

C (1) 3 9 ( 2 ) 33 (2) 37( 2 ) -A (2 ) 1 5 ( 2 )

Pdqe 9
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(2 )
C (2) 46(3) 43(2)

- 0 (2 )
C ( 3 ) 35(2) 56(3)

- 9 ( 2 )
C(4) 31(2) 49( 2)

5 ( 2)
C(5) ■ SI (2) 37( 2)

2 (2 )
C (6 ) 32 (2) 34 (2)

6 (2 )
C (7) 36( 2) 41 (2)

5 ( 2)
C ( 8 ) 52 (3 ) 34(2)

12  (2 )
C (9) 52 (3) 32( 2)

2 (2 )
C ( 10 ) 36( 2) 33( 2)

0 (2 )
C (11) 40 (2) 41( 2)

2 (2 )
C ( 12 ) 4 9(3) 58 (3)

- 3 ( 2 )
C (13) 56 (3) 62(3)

- 8 (2 )
C(14) 47(3) 4 6 (2)

0 (2 )
C (15) 35(2) 35 (2 )

1 (2 )
C( 16) 34 (2) 35(2)

1 (2 )
( :■(! / ) 56(3) 43 (2 )

1 2 (2 )
C (18) 61 (3) 39(2)

1.8 (2 )
C ( .1.9 ) 58 (3) 44(3)

1 2 (2 )
C (2 0 ) 4 5( 3) 58(2)

5 (2)
C (21 ) 38(2) 49(2)

7 ( 2 )
C (22 ) 44 (3) 61 (3)

9(2)
C (23) 39(3) 50.(3)

- 1  (2 )
C (24) 37 (2) 39 (2)

- 4  (2)
C (25) 32 (2 ) 32 (2)

4 (2)
C(26) 32(2) 22  ( 2)

3(2)

4 8 ( 2 ) - 1  (2) 22 (2)

5 6 ( 3 ) - 3 ( 2 ) 21 (2)

4 3 ( 2 ) - 2 ( 2 ) 14 (2)

2 6 ( 2 ) - 6 ( 2 ) 10 (2)

2 6  (2) - 3 ( 2 ) 1 0 ( 2 )

42 (2) - 7 ( 2 ) U  (2)

4 3 ( 2 ) 0 ( 2 ) 9 ( 2 )

4 6 ( 2 ) 3 ( 2 ) 1 3 ( 2 )

41 (2) 3 ( 2 ) 12 (2)

3 9 ( 2 ) 1 (2) .18(2)

2 9  (2) 1 (2) 1.6(2)

40 (2) - 1 . 5 ( 2 ) 2 6 ( 2 )

4 6 ( 2 ) - 1 0 ( 2 ) . 22  (2j

3 6 ( 2 ) - 5 ( 2 ) 1 9 (2 )

3 9 ( 2 ) - 5 ( 2 ) 2 0 ( 2 )

5 0 ( 3 ) - 5 ( 2 ) 20  (2)

6 5 ( 3 ) 6 ( 2 ) 22 (3)

4 6.(3) 7 ( 2 ) 14 (2)

3 3 ( 2 ) 2 ( 2 ) 1 4 ( 2 )

4 0 ( 2 ) 8 ( 2 ) 23 (2)

55  (3) 1 6 ( 2 ) 31 (2)

7 2 ( 3 ) 1 6 ( 2 ) 2 9 ( 2 )

5 7 ( 3 ) 0 ( 2 ) 1 9 ( 2 )

38 (2) 2 ( 2 ) 1 5 ( 2 )

3 5 ( 2 ) -1 (1) 1 5 ( 2 )

L’üge I ü
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N ( 8 ) 32 (2) 27 (2)
1 ( 1 )

C (27) 47(3) 40 (2)
- 6 (2 )

C (28) 56(3) 51 (3)
- 1 2 (2 )

C (29) 70 ( 3) 50 (3)
6 (3}

C (30) 53(3) 42 (2)
7 (2 )

0 ( 1 0 0 ) 144(5) 2 0 1 (6 )
3 5( 4)

C(L00) 82 (4) 73(4)
1 5( 3)

C(101) 57 (4) 99 (5)
28 (3)

C (102) 94 (5) 125(6)
49(5)

P (1) 58(1) 37(1)
4 ( 1 )

F ( l l ) 85(2) 55(2)
0 (2 )

F (1 2 ) 83(2) 54(2)
1 0 (2 )

F (13) 58( 2) 59 ( 2)
1 2 (1 )

F (14 ) 77 ( 2) 62 (2 )
“ 7 (2)

F (15) 101 (2 ) 52 ( 2)
8 (2 )

F (16) 64 (2) 72 (2 )
2 0 (2 )

P ( 2 ) 47( 1) 4 / ( 1 )
-9(1.)

F (21) 82(2) 59(2)
7 ( 2)

F (2 4) 63(2) 65(2)
- 3 ( 2 )

F (22) 0 9 ( 4 ) 117( 6 )
2 6( 4)

F (23) 46( 3) 5 2 (3 )
- 1 5  (2)

F (25) 09( 5) 72 (3)
- 6 ( 3 )

F (2 6 ) 40(3) 87 (4)
- 8 (2 )

F(22X) 160(3) 92( 17)
- 6 9  (19)

F(23X) 85(12) 121 (15)
26(10)

F(25X) 82( 12) 50 (8 )

38 (2) - 4 ( 1 ) 12  ( 1 )

51(3) - 1 0 (2 ) 15(2)

55 (3) - 2 3 ( 2 ) 17 (2)

4 3( 3) - 1 3 ( 2 ) 24 (2)

40 (2) 1 (2 ) 24 (2)

116(4) 67(4) 02 (4)

66(4) 10(3) 16(3)

78 ( 4 ) 41(4) 32 (3)

69 (4) - 34  (4) 6(4)

36 (1) 0 ( 1 ) 18 ( 1 )

64(2) 11 ( 1 ) 39 (2)

45 ( 1) - 1 1 (1 ) 1 2 (1 )

71 (2) - 4 ( 1 ) 16(2)

62(2) 2 0 ( 1 ) 22  (2 '>

43 ( 1) - 9 ( 1 ) 1 8 (2 )

56 (2 ) 1 1 ( 1) 28 (1 )

64 (1) - 5 ( 1 ) 2 2 ( 1 )

146(3) - 2 2 (2 ) 6 6 (2 )

1.99(4) “ 41(3) 4 0( 3)

7 2 (3 ) 31(4) 4 4 (3)

71 (3) - 0 (2 ) 9(2)

107 (5 ) 20 ( 3) 57 (4)

125 ( 6 ) - 3 7 ( 4 ) 12 (3)

320 (5) - 1 0 0 ( 3 ) 2.00 (3)

87 (10) - 1 7 ( 9 ) 23 (0)

1 L0 (16) -1  (9) 4 9 (1.2)
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j ivm ï . i  edi";

F ( 2 6X) 2 7 0 ( 3 )  9 6 ( 1 2 )  5 0 ( 8 )  - 9 ( 8 )  4 3 ( 1 3 )
- 7  5 (17)

- 2 3  ( 8 )

TcjIjU: 5» I Jyd ioge j )  c o o r d  Ln.a I: e s  ( y, 1UA4) a n d  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (AA2 x  1 0 A3) f o r  c i f t a b .

( eq )

1 ( 4 )
H ( 1 ) 1 2 5 3

H (2) - 3 1
1 ( 4 )

1 ( 4 )
H (3) - 10  05

1 ( 4 )
H ( 4 ) - 6 8 3

1 ( 4 )
H (7) -“32 0

1( 4 )
H ( 8 ) 1.15

'*1 / /' \
Il (<>) "1 4 0 6

i. ) 

1 ( 4 )
H( IO) 22 4 3

0 ( 5 )
H O D 12 65

0 ( 5 )
l -J 0  2) ] 055

0 ( 5 )
H (13) 168 4

0 ( 5 )
H (14) 2 512

0 ( 5 )
H ( "1 7 ) 3 2 5 6

0 ( 5 )
H (18) 3 9 4 6

0 (5)
H (19) 3 931

0 ( -5 )
H ( 2 0 ) 3231

1-1(21) 3 4 3 6

y z U

-2  54 0 ^ 4 -5 1 0 4

- 2 9 3 7 - 6 0 0 4

■ :i/72 9 - 8 4 2 4

- 1 7  4 - 1 0 8 6 4

1250 - 1 4 2  4 4

2 650 - 1 8 9 5 4

2 67 8 -  1 94 2 4

1 3 65 - 1 4  64 4

— 4 4 2 - 2  67 7 5

- 13 2  0 - 3  941 5

■ 2.8 03 - 3 8 2 5 5

- 3 3 7 5 - 2  4 57 5

- 3 8  44 - 1 1 0 0 5

- 4 2 7 3 354 5

- 3 2 3 2 14 4 9 15

- 1 8  03 107 6 5

- 3 1 2 - 1 5 6 9 3

P a g e 12



rridit i. i: g cil;

9 ( 6 )

9 (6)

9 ( 6 ) 

8(7)  

8 ( 7 )  

8(7)

8 (7)  

7 ( 1 3 )  

7 (13)  

7 (13)  

7 (13)  

7 (13)  

7( 13)

9 ( 6 )
H (22) 4 5 0 8 697 - 1 4 1 2 3

H (23) 5 0 1 7 167 8 - 1 8 6 3

H ( 2 4 ) 4 4 7 5 1588 8 97 3

H (27) 4 3 0 6 160 8 3 1 7 2 5

H ( 2 8 ) 4 2 0 1 1921 3482 5

H ( 2 9 ) 3 1 1 8 1318 3 8 0 5 5

H ( 3 0 ) 2 1 2 9 3 81 2792 5

H (10A) - 2 2 0 0 - 2 2 0 9 - 5 5 4 14

H(10B) -1 954 - 3 1 7 0 - 1 4 1 4

H(IOC). - 2  877 - 2 8 8 9 - 4 7 7 14

H(IOD) - 2  62 0 -4 638 -1 954 14

H ( 10E) - 3 1 4 8 - 4 4 9 8 - 1 3 8 2 14

H (10F) - 2 2 2 3 - 4 7 7 5 -92 9 ,  14

P a g e  1 3



Structure of [Ru(bpy)2(LL7 Xbpy)2Ru](PF6)4. Detailed X-Ray 

Crystallography Data from the analysis o f this complex follows.
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com m ents: m e a su re d  w i t h  20 s p e r  f r am e  a n d  d e l t a  omega = 0 .4  c 
8985 r e f l e c t i o n s  o b s e rv e d
c r y s t a l l i s e s  w i t h  1 . 7  m o le c u le s  o f  a c e to n e  p e r  u n i t  
(H-atoms o f  t h e  s o l v e n t  m o le c u le s  a r e  o m i t t e d ,  so  t h e  f i n a l  
f o r m u l a r  h a s  t o  b e  c o r r e c t e d  a s  t h e  H -a to m s f o r  1 .7  a c e to n e  me 
a r e  m i s s i n g ,  t h e  i n f l u e n c e  on d e n s i t y  i s  n e g l e c t i b l e )
3 o f  t h e  4 PF6 a n io n s  a r e  d i s o r d e r e d ,  t h e  F - a t o m s  w i t h . l o w e r  
c c c u p a n c ie s  a r e  r e f i n e d  i s o t r o p i c a l l y
The P-F d i s t a n c e s  a r e  r e f i n e d  u s in g  t h e  sam e d i s t a n c e  r e s t r a i r  
f o r  a l l .

T a b l e  1.  C r y s t a l  d a t a  a nd  s t r u c t u r e  r e f i n e m e n t  f o r  c i f t a b .

I d e n t i f i c a t i o n  co d e  

E m p ir ic a l  f o r m u l a  

F o rm u la  w e ig h t 

T e m p e ra tu re  

w a v e le n g th  

C r y s t a l  s y s t e m ,  s p a c e  g ro u p  

U n i t  c e l l  d i m e n s i o n s

volum e

Z , C a l c u l a t e d  d e n s  i t y  

A b s o rp t io n  c o e f f i c i e n t  

F (000)

C r y s t a l  s i z e

T h e ta  r a n g e  f o r  d a t a  c o l l e c t i o n  

In d ex  r a n g e s

R e f l e c t i o n s  c o l l e c t e d  /  u n i q u e  

C o m p le te n e ss  to  t h e t a  = 28 . 31  

R e f i n e m e n t  m ethod 

Da t a  /  r e s t r a i n t s  /  p a r a m e t e r s

md26

C75 . 10  K52 F24 N14 0 1 . 7 0  P4 

1 9 5 9 . 7 3  

20 0 (2 )  K 

0 . 7 1 0 7 3  A

m o n o c l in ic ,  P2 (1) / c  (N'<5. 14)

a = 1 5 . 0 1 9 3 ( 1 5 )  A a l p h a  = 
b  = 2 4 . 3 3 2  (3) A b e t a  = 9C 
c  = 21.(3.10(2) A gamma 9(

7 9 1 1 . 9 ( 1 4 )  Aa3

4,  1 . 6 4 5  Mg/mA3

0 . 5 7 5  ttimA 1

3913

0 .3  x  0 .3  x  0 . 1  mm^3 

1 . 2 6  t o  2 8 . 3 1  d e g .

-20<=h< = 1 9 , -30<=k.<=32, -26<" ■. f

85840 /  19449 [ R ( i n t )  = 0 .15  

96 . 5%

F u l l - m a t r i x  l e a s t  s q u a r e s  or 

19449 /  84 /  1156

I
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G o o d n e s s - o f - f i t  on  F^2 0 . 9 4 1

F in a l  R i n d i c e s  [ I >2s i g m a ( I ) ] R1 = 0 . 0 5 6 0 ,  wR2 = 0 .1360

R i n d i c e s  ( a l l  d a t a )  R1 = 0 . 1 5 7 6 ,  wR2 = 0 . 1723

L a r g e s t  d i f f .  p e a k  a n d  h o le  0 . 7 8 3  a n d  - 0 . 9 8 8  e . A A-3

T a b le  2 . A tom ic  c o o r d i n a t e s  ( x  10^4)  an d  e q u i v a l e n t  i s o t i  
d i s p la c e m e n t  p a r a m e te r s  (Aa 2 x  10^3) f o r  c i f t a b .
U(eq)  i s  d e f i n e d  a s  one t h i r d  o f  t h e  t r a c e  o f  t h e  o r th o g o n c  
U ij t e n s o r .

X y z U (e

R u ( l ) 4631  (1)
4

41 95( 1) 6858 (1) 27 i
Ru (2) - 4 0 9  (1) 2 179( 1) 5879(1) 29 t
P ( l ) - 1 4 2 9 ( 1 ) 1280(1) 3348( 1) 62 t
F ( l l ) ■ -1 3 6 5  (3) 787 (2) 2866 (2 ) 81 (
F ( 1 2 ) - 543  (4) 1533 (2) 3132(2) 113 t
F { 1 3 ) -8 1 0  (3) 935 (2) 3846 (2) 98 i
F ( 1 4 ) - 1 4 7 8  (3) 1762 (2) 3823 (2) 92 l
F (15) - 2 2 8 5  (3) 1 0 0 2  (2 ) 3562(3) 115 I
F (16) - 20 16  (4) 1621 (2 ) 2843 (2) 124 l
P (2 ) -14 95 (1) 4327( 1) 4 196( 1) 54 (
F (21) 4 5 2  ( 3 ) 4 3 5 8 ( 2 ) 4 1 5 9 ( 2 ) 1 1 0  (
F (24) 2 ! . 37 (3) 4 3 L 7 {2 ) 4255 (2) 78 l
F { 22) - 1 6 3 7 ( 4 ) 4933 (3) 3928(5) 98 l
F (23) - 13 37  (5) 4623 (5) 4855.(4) 119 <

F (25) - 1 3 3 6 ( 5 ) 3775 (4) 4537(8) 146 1
F ( 2 6 ) 1 66 9 ( 7 ) 4077 (6 ) 3536 (4) 158 l
F ( 2  2 X) - 1 6 5 9  (12) 4407 (7) 3 4 9 3 ( 6 ) 66  l
F (2 3 X) - 1374 (13) 4 912 (6 ) 4399 (11) 91 (

F (25X) -1 3 1 2  (13) 4123(10) 4859(6) 80 (
F(26X) - 1 5 7 3 ( 1 5 ) 3689(6) 4021 ( i n ) 93 1
P ( 3 ) 5 69 9 (1 ) 0 94 (1) 5933(1) 4 0 i
F ( 3 2 ) 6104 (3) 348 (2) 6240 (2) 98 1
F ( 3 5) 5 2 7 4 ( 3 ) 1437 (2) 5646 (2) 93 (
F {31) 6 33 7 ( 5 ) 1261 (2 ) 6413 (3) 74 (

F ( 3 3 ) 6 4 0 3 ( 5 ) 937 (4) 5461 (4) 109 1
F ( 3 4 ) 5072 (5) 552(2) 5442 (3) 86 (

F ( 3 6 ) 4 9 8 6 ( 5 ) 880(3) 6408 (3) 121  t
F ( 3 IX) 6 72 4 (1 1 ) 1072 (14) 5980(2) 125 I
F {33X) 59 5 0( 2 ) 678 (12) 5291(9) 91 1
F ( 34X) 4 7 9 9 ( 1 4 ) 547 (12) 5788(15) 96 I
F (36X) 5780 (3) 1139 (15) 6601(9) 13 0 I
P ( 4 ) 3 791( 1) 2813 (1) 4289 (1) 57 1
F ( 4 1 ) 433 9 (3 ) 2299 (2) 4567(2) 80 i
F (44) 3260 (3) 3337 (2) 4012(2) 94 (
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F (42 )
F (43 )
F (45 )
F (46 )
F (42X) 
F (43X) 
F (45X) 
F (46X) 
N ( 1 ) 
N( 2)  
N(3)
N (4 )
N ( 5 )
N ( 6 )
N ( 7 )
N ( 8 )
N ( 9 )
N ( 10 ) 
N ( 1.1 ) 
N(12)  
N(13)  
N ( 14 ) 
C(.L)
G (2)
C ( 3 ) 
C(4)
C ( 5 )
C (6 )
C (7)
C ( 8 )
C ( 9) 
C(10)  
C ( l l )  
C ( 12 ) 
0 ( 1 3 )  
C ( 14 ) 
C (15) 
C ( 16 ) 
C ( 17 ) 
C ( 18 ) 
C ( 19 ) 
C (20) 
(■(2 1 ) 
C ( 22 ) 
C (23 ) 
C (24) 
C ( 25 ) 
C (26 ) 
C (27) 
C (28 ) 
C ( 2 9 ) 
C ( 3 0 ) 
C ( 3 L )

46 48 ( 5 ) 3193 (3)
3367 (5) 2883 (3)
29 73( 4) 2441 (2)
4101 (6 ) 2732(4)
4345 (11) 3166(7)
2895( 16) 2.553 (14)
3500 (3) 2355 (11)
4 6 1 8 (1 1 ) 2877 (7)
3393 (3) 4322 (2)
21 8 5( 3 ) 4363(2)
4611 (3) 5044 (2)

764 (3) 1766 (2)
2 0 19 ( 3 ) 1391 (2)
- 7 2 6 ( 3 ) 1379 (2)
4231  (3) 4318 (2)
5 83 5 (3 ) 4132 (2)
5 08 7 (3 ) 4033 (2)
4642 (3) 3351(2)

- 1 0 3 5  (3) 2 0 4 8 ( i )
- 1 6 7 8 ( 3 ) 2451(2)

16 8( 3 ) 2412( 2)
- 71  (3) 2986 (2)

2731 (4) 4021 (2)
1 42 1 ( 4 ) 4239 (3)
1 0 0 1 ( 4 ) 4636(3)
1331 (4) 5184 (3)
2065 (4) 5319 (3)
2.520 (4) 4897(2)
3265 (4) 4863 (2)
3882 (4) 5267(2)
3725 (4) 5835 (2)
4 3 4 3 ( 5 ) 6165(3)
5 11 3( 5 ) 5942 (3)
5 21 9 ( 4 ) 5386 (2)
24 9 3 ( 3 ) 3454 (2)
2357 (4) 3047 (2)
2048 (4) 2533 (2)
18 8 3( 3 ) 2412 (2)
2 0 6 4 ( 3 ) 2810 (2 )
2354 (3) 3323 (2)
1 53 6 (4 ) 1871 (2 )
2868 (4) 1311 (3)
3 2 2 1 ( 5 ) 803 (3)
2 7 1 9 ( 5 ) 357(3)
1890 (4) 432 (2)
1508 (4) 964 (2)

731 (4) 1208 (2 )
-74 (4 ) 987(2)

- 2 1 9 ( 4 ) 436 (2)
-1 0 3 6  (4) 276 (3)
- 1 6 7 7  (4 ) 660 (3)
-1 5 0 4  (4 ) 1200 (3)

33 9 5( 4 ) 4465 (2)

4 428( 6)  
4 918( 2)  
4037 (3) 
3618(4)  
4819( 7)  
4490 (19) 
3805(14)■ 
39.13 (8 ) 
7171(2)  
7651(2)  
6935(2)  
6217 (2) 
6651 (2) 
5598(2)  
5938 (2) 
6501 (2) 
7774 (2) 
6851 (2) 
6651 (2) 
5583 (2) 
5114(2)  
6094 (2) 
7353 (2) 
7920 (3) 
8185 (3) 
8201 (3) 
7939 (3) 
7647 (3) 
7344 (2) 
7144 (2)
7 130 (3) 
6889 (3) 
6698 (3) 
6722 (3) 
7175.(3) 
7599 (3) 
7401 (3) 
6778 (3) 
6349 (3) 
6548 (3) 
6554 (3) 
6952 (3) 
6966 (3) 
6687 (3) 
6404 (3) 
6369 (3) 
6097 (2) 
5753 (3) 
5600 (3) 
5299 (3) 
5144 (3) 
5298 (3) 
5693 (3)

1 3 4  I 

88 I 
6 1 1 

102 I 
7 5  I 

2 1 2  I 
1 9 9  I 

7 1 1
2 7  (
34 I 
31  I
2 8  I 

311  

3 7  I
3 1  (
3 2  (
2 9  I 
2 8  I
3 2  I

35  I
3 3  t
2 8  I 

2 8  (
3 9  i 
54 I 
54  I

4 7  (
3 4  I

2 9  I
3 1  I
4 3  < 
54  I 

5 1 1 
42  I
3 0  t 
3 8  I 

3 7  I 
2 9  I

3 2  i 
32  I

32  I 

50  (
60  I
61  ( 
4 5  I

3 3  i 
3 1 1 

3 2  (
4 0  (

4 8  I 
54 I
44  (

34  I
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C (32) 3158 (4) 4544 2 ) 50 81( 3) 43 I
C (33 ) 3818 (5) 4471 3) 46 85( 3) 53 1
C (34) 4681 (5) 4343 3) 49 25( 3) 49 (
C (35) 4881 (4) 4271 2 ) 5556 (3) 37 l
C (36) 5786 (4) 4153 2 ) 5871(3) 33 l
C (37) 6553 (4) 4085 3) 5572 (3) 49 t
C (38) 7355 (5) 3993 3) 5911(3) 55 i
C (39) 7417 (4) 3966 3) 6541 (3) 53 1
C (40) 6657 (4) 4035 2 ) 6825(3) 42 t
C (41) 5224 (4) 43 97 2 ) 8232 (3) 37 I
C (42 ) 5458 (4) 4259 3) 8836 (3) 44 1
C (43 ) 5 558( 5 ) 3720 3) 8986 (3) 59 (
C (44) 5388 (5) 3331 3) 8526 (3) 52 1
C (45) 5154 (4) 3492 2 ) 7930 (3) 36 I
C ( 4 6 ) 4944 (4) 3107 2 ) 7400 (3) 32 1
C (47 ) 5041 (4) 2546 2 ) 7439 (3) 51 (
C (48) 4 8 33 ( 4 ) 2 2 2 0 2 ) 6920(3) 45 1
C (43) 4537 (4) 2462 2 ) 6 366( 3) 38 1
C (50) 4445 (4) 3026 2 ) 6350(3) 36 1
C (51 ) -644  (4) 1868 2 ) 7205(3) 40 1
C (52) - 1 0 8 1 ( 5 ) 1832 3) 7714(3) 49 (
C ( 53 ) - 1 9 7 3 ( 5 ) 1980 3) 7665(3) 58 I
C (54 ) - 23 90  (4) 2159 3) 7107 (3) 5 I f
G ( 55 ) - 1 9 1 0 ( 4 ) 2194 2 ) 6604 (3) 37 i
C (56 ) - 2 2 8 6 ( 4 ) 2386 2 ) 5990 (3) 38 1
C ( 57) - 3 1 9 0 ( 4 ) 2487 3) 5815 (3) .? 54 i
C ( 58 ) - 3 4 8 5  (4) 2666 3) 5232 (4) 62 (
C (59) 2862 (5) 2753 3) 4825 (3) 62 1
C (60 ) - 19 54  (4) 2641 3) 5006(3) 48 I
C (61) 353 (4 ) 2080 3) 4655 (3) 4 5 i
C(62) 7 4 6 ( 5 ) 2266 3) 4 146 (3) 53 i
C ( 6 3 ) 95 1 (!>) 2818 3) 4 117( 3) 56 1
C (64 ) . 76 6 (4 ) 3172 3) 4588 (3) 49 I
C ( 65 ) 39 0( 4 ) 2958 2 ) 5090 (3) 35 t
C ( 6 6 ) 207 (-1 ) 3281 2 ) 5624 (3) 33 1
C ( 6 7 ) 349 (4) 3843 2 ) 5675 (3) 45 1
C ( 6 8 ) 194 (4 ) 4 1.12 2 ) 6210 (3) 48 i
C (69) - 8 4 ( 4 ) 3813 2 ) 6682 (3) 41 1
C ( 7 0 ) -22 0  (4) 3249 2 ) 6604 (3) 34 I
0 (1 0 0 ) 1220 (3) 3703 2 ) 2898(2) 59 t
C(IOO) 12 11( 5) 4172 3) 3 062(3) 51 1
C ( 1 0 1 ) 1 8 50 ( 8 ) 4389 4) 3559 (6 ) 155 i
C ( 10 2 ) 52 0 (5 ) 4573 3) 27 74 (4) 77 i
0 (2 0 0 ) 172 8 (4) 1 0 1 1 2 ) 4685(3) 62 (
C (2 0 0 ) 2502 (6 ) 1091 3) 4761 (4) 37 t
C (201) 2 8 8 5 ( 6 ) 1470 3) 5252 (4) 40 i
C ( 202) 3145 (6 ) 839 4) 4371 (5) 651

T a b le  3 . Bond l e n g t h s I A] and a n g l e s [deg] ñor e l f t a b .

f \ r \ y  '  A ! ■' !*<• • e» ; i nn»'



R u ( 1 ) -N ( 7) 2 . 0 4 6  (4)
R u ( 1 ) - N ( 1 0 ) 2 . 0 5 3 ( 4 )
R u ( 1 ) - N ( 8 ) 2 . 0 6 0  (4)
Ru ( 1 ) - N ( 9 ) 2 . 0 6 9  (4)
R u ( 1 ) - N ( 3 ) 2 . 0 7 3 ( 4 )
Ru ( 1 ) - N ( 1 ) 2 . 0 8 1  (4)
R u ( 2 ) - N (12) 2 . 0 4 6  (4)
R u ( 2 ) - N ( l l ) 2 . 0 4 8  (4)
R u (2) -N (13) 2 . 0 5 2 ( 4 )
R u ( 2 ) - N (14) 2 . 0 6 5 ( 4 )
R u ( 2 ) - N (6) 2 . 0 7 9  (5)
Ru (2) - N (4) 2 . 0 8 4  (4)
P ( l )  - F (16) 1 . 5 6 2  (5)
P ( l ) - F (14) 1 . 5 7 3  (4)
P ( 1 ) - F (15) 1 . 5 7 4 ( 5 )
P ( l ) - F (13) 1 . 5 8 3  (5)
P ( 1 ) - F (12) 1 . 5 8 7 ( 5 )
P ( l )  - F (11) 1 . 6 0 6 ( 4 )
P (2)  - F  (23X) 1 . ^ 9 5  (12)
P ( 2 ) - F ( 2 5 X ) 1 . 5 2 3 ( 1 2 )
P (2)  - F (22X) 1 . 5 3 5  (12)
P ( 2 ) - F (25) 1 .  5 40  (6),
P (2 ) - F (26) 1 .  5 55  ’( 6 )
P ( 2 ) - F (21) .1. 5 8 1  (5)
P (2) - F  (24) 1 . 5 8 7  (4)
P ( 2 ) - F (22) 1 . 5 9 2 ( 6 )
P ( 2 ) - F  (23)  ■ 1 .  6 0 0 ‘( 6 )
P (2)  - F ( 2 ex) 1 . 5 9 8  (12)
F ( 2 2 ) - F ( 2 3 X ) 1 . 0 6  (2)
F (22)  - F  (2.2X) 1 . 5 9 1 ( 1 7 )
F (2 3) ■ F ( 2 SX) 1 . 2 1 7  (18)
F ( 2 3 ) - F ( 23X) 1 . 2 1 ( 2 )
F ( 2 5 ) - F (25X) 1 . 0 9 8 ( 1 8 )
F ( 2 5 ) - F ( 2 6 X ) . 1 . 157  (19)
F ( 26 )  - F (22X) 0 . 8 1 1  (18)
F (2 6) - F ( 2 6 X ) 1 . 4 1  (2)
P ( 3 ) -  F ( 3 6 X) 1 . 5 6 5  (15)
P ( 3 ) - F ( 3 5 ) 1 . 5 6 3 ( 4 )
P ( 3 ) - F (33) 1 . 5 6 7 ( 5 )
P ( 3 ) - F (34) 1 . 5 7 6  (5)
P ( 3 ) - F (32) 1 . 5 7 8  (4)
P (3 ) - F  (36) 1 . 5 7 7 ( 5 )
P ( 3 ) - F ( 3 3 X ) 1 . 5 8 4 ( 1 4 )
P ( 3 ) - F (31) 1 . 6 0 2  (4)
P ( 3 ) - F ( 3 IX) .1. 590  (15)
P (3 ) - F  (34X) 1 . 5 9 3  (14)
F (31 )  -F (36X) 1 . 0 2  (4)
F (31)  - F ( 3 IX ) 1 . 2 6  (4)
F (33)  - F  (33X) 0 . 9 7 ( 3 )
■F (33 )  - F  ( 3 IX) 1 . 2 2 ( 4 )
F ( 3 4 ) - F ( 3 4 X ) 0 . 9 0 ( 3 )
F ( 3 4 ) - F (33X) 1 . 4 3  (3)
F (3 6) - F  (3 6X) 1 . 3 7  (4)



F (3 6 ) - F ( 3 4 X ) 1 . 5 7  (3)

P ( 4 ) - F ( 4 5 X ) 1 . 5 6 0 ( 1 4 )

P ( 4 ) - F ( 4 2 X ) 1 . 5 9 1  (12)

P ( 4 ) - F  (42) 1 . 5 8 3 ( 6 )

P (4 ) - F  (46X) 1 . 5 7 6  (12)

P ( 4 ) - F (41) 1 . 5 7 7  (4)

P (4 ) - F  (46 ) 1 . 6 0 0  (7)

P ( 4 ) - F  (44) 1 . 5 8 5  (4)

P ( 4 ) - F (45) 1 . 5 7 1  (5)

P ( 4 ) - F (43) 1 . 5 9 0  (6)

P (4)  - F  (43X) 1 . 5 9 6 ( 1 5 )

F ( 4 2 ) - F ( 4 2 X ) 1 . 0 1 5 ( 1 6 )

F ( 4 2 ) - F ( 4 6 X ) 1 . 3 5 5 ( 1 7 )

F ( 4 3 ) - F ( 4 2 X ) 1 . 6 5 8 ( 1 8 )

F ( 4 3 ) - F ( 4 3 X ) 1 . 3 6 ( 4 )

F ( 4 5 ) - F ( 4 5 X ) 1 . 0 1 ( 4 )

F (45  ) - F ( 4 3 X ) 1 . 0 4 ( 4 )

F (46)  - F  (46X) 1 .  0 1 1 ( 1 7 )

F (46-) - F  (45X) 1 . 3 8 ( 4 )

N i l ) - C ( l ) 1 . 3 3 4  (6)

N ( i ) - e ( 7 ) 1 . 3 8 9 ( 6 )

N ( 2 ) - G (1) 1 . 3 8 4  (6)

N ( 2 ) - C (2) 1 . 3 8 5 ( 7 )

N ( 2 ) -C (6) 1 . 3 9 4  (7)

N (3 ) -C (8 ) 1 . 3 4 8  (7)

N ( 3 ) - C (12) 1 . 3 5 8  (7)

N (4)  -C ( 19) 1 . 3 2 1 ( 6 )

N ( 4 )  -C (25) 1 . 3 8 1  (6)

N (5 ) -C (20 ) 1 . 3 7 6 ( 7 )

N ( 5 )  - 0 ( 1 9 ) 1 . 3 7 7  (6)

N ( 5 )  - C ( 2 4 ) 1 . 3  90  (7)

N ( 6 )  - C (30) 1 . 3 4 1  (7)

N ( 6 )  -C (26) 1 . 3 7 8 ( 7 )

N ( 7 )  -C  (31) 1 . 3 5 2 ( 7 )

N ( 7 ) -C (35 ) 1 . 3 6 2  (7)

N ( 8 ) - C (40) 1 . 3 6 7  (7)

N ( 8 )  -C (36) 1 . 3 6 8 ( 7 )

N ( 9) -C (41) 1 . 3 3 3  (7)

N ( 9 ) - C (45) 1 . 3 6 0 ( 6 )

N (10)  - C (50) 1 . 3 5 3 ( 7 )
N ( 1 0 ) - C (46) 1 . 3  6 5 ( 6 )

N ( 1 1 ) - C (51) 1 . 3 5 0  (7)
N ( 1 1 ) - C (55) 1 . 3 5 4  (7)
N ( 1 2 ) - C (56) 1 . 3 5 7 ( 7 )
N ( 1 2 ) -C ( 60) 1 . 3 5 9 ( 7 )

N.( 13 ) -C (61) 1 . 3 3 9 ( 7 )
N  (13 ) -C. (65 ) 1 . 3 7 3 ( 7 )
M( 1 4 ) - C ( 7 0 ) 1 . 3 2 7 ( 7 )
N ( 1 4 ) - C (66) 1 . 3 5 8 ( 7 )
G ( 1 ) -C (13 )■ 1 . 4 6 5  (7)
C ( 2 ) -C ( 3 ) 1 . 3 2 5  (8)
C ( 3 ) -C (4 ) 1 . 4 2 2  (9)

C (4 ) -C (5) 1 . 3 4 3 ( 9 )



C ( 5 ) - C ( 6 ) 1 . 424 ( 8 )
C (6 ) -6.(7) 1 . 3 6 8 ( 7 )
C ( 7 ) - C (8 ) 1 . 4 5 4 ( 7 )
C (8 ) - C (9) 1 . 4 0 3 ( 7 )

C (9) -C.(10) 1 . 3 7 9 ( 9 )
C(10)  - G U I ) 1 . 3 8 7 ( 9 )
C U 1 ) - C (1 2 ) 1 . 3 6 2 ( 8 )
C ( 1 3 ) - C (14) 1 . 3 8 6  (7)
G (13 ;) C ( L 8 ) 1 . 3 9 6 ( 7 )
C (14 ) -O (15) 1 . 3 8 4 ( 7 )
C ( 1 5 ) - 0 ( 1 6 ) 1 . 3 8 3 ( 7 )
C ( 1 6 ) - C (17) 1 . 3 9 5  (7)
C ( 1 6 ) - 0 ( 1 9 ) 1 . 4 7 9 ( 7 )
C (17) -C (18) 1 . 3 7 3  (7)
C (20) -0 (2 1 ) 1 . 3 4 4  ( 8 )
C (21) -C (22 ) 1 . 4 1 6 ( 9 )
C (22) -C (23 ) 1 . 3 3 5 ( 9 )
C ( 2 3 ) - C (24) 1 . 4 1 4 ( 7 )
C ( 2 4 ) - C (25) 1 .3 7 8  (7)W •• *
C ( 2 5 ) - C (26) 1 . 4 4 9  (7)
C (26)  -C (27) 1 . 3 9 3 ( 7 )
C ( 2 7 ) - C (28) 1 . 3 7 6 ( 8 )
C (28 ) -C (29) 1 . 3 5 6 ( 9 )
C (2 9 ) — C (30) 1 . 3 7 2  (8 )
C (31)  -C (32) 1 . 3 5 3 ( 7 )
0 ( 3 2 )  - 0 ( 3 3 ) 1 . 4 0 2 ( 9 )
0 ( 3 3 )  -C (34) 1 . 3 7 3 ( 9 )
C ( 3 4 ) - C (35) 1 . 3 8 6 ( 8 )
G (35) G (36) 1 . 4 74  (8 )
C (3 6 ) - C (37) 1 . 4  01  ( 8 )
0 ( 3 7 )  G(30) 1 . 3 '>*) (9)
C (3 8 ) 0 ( 3 9 ) 1 . 3 6 8 ( 9 )
C (3 9) - C (4 0 ) 1 . 3 7 2 ( 8 )
C (41) - C (42) 1 . 3 6 3 ( 8 )
C ( 4 2 ) - G (4 3) 1 . 3 5 7  (0)
C (43)  C (44) 1 . 3 8 1  ( 8 )
C(4<1) C (45) l . 3 6 4 ( 8 )
G ( 4 5 ) - G (4 6 ) 1 . 4 9 0 ( 8 )
C (4 6 ) - C (47) 1 . 3 7 5  (7)
C (4 7 ) - C (4 8 ) 1 . 3 8 6 ( 8 )
0 ( 4 0 )  - C (49) 1 . 3 6 8 ( 8 )
0 ( 4 9 )  -0(50) 1 . 3 7 9 ( 7 )
0 ( 5 1 ) - 0 ( 5 2 ) 1 . 3 6 1 ( 8 )
C ( 5 2 ) - 0 ( 5 3 ) 1 . 3 7 9 ( 9 )
C ( 5 3 ) -G(54) 1 . 3 7 2 ( 9 )
C ( 5 4 ) - C (55) 1 . 3 8 5 ( 8 )
C ( 5 5 ) - C (56) 1 . 4 6 6 ( 8 )
0 ( 5 6 ) - 0 ( 5 7 ) 1 . 3 8 6 ( 8 )
C (5 7 ) - C (58) 1 . 3 6 8 ( 9 )
0 ( 5 8 )  - 0 ( 5 9 ) 1 . 3 8 0 ( 1 0 )
0 ( 5 9 ) - 0 ( 6 0 ) 1 . 4 0 0  (9)
0 ( 6 1 )  0 (6 2 ) 1 . 3 9 6  (8 )
0 ( 6 2 )  C (6 3) 1 . 3 8 2 ( 9 )



0 ( 6 3 ) - 0 ( 6 4 )
0 ( 6 4 ) - 0 ( 6 5 )
0 ( 6 5 ) - 0 ( 6 6 )
0 ( 6 6 ) - 0 ( 6 7 )
0 ( 6 7 ) - 0 ( 6 0 )
0 ( 6 8 ) - 0 ( 6 9 )
0 ( 6 9 ) - 0 ( 7 0 )
0 ( 1 0 0 ) - 0 ( 1 0 0 )
0 (  LOO)-C( i  O I ) 
0 ( 1 0 0 ) - 0 ( 1 0 2 )  
0 ( 2 0 0 ) - 0 ( 2 0 0 )  
0 (200) - 0 ( 2 0 1 )  
0 ( 2 0 0 ) - 0 ( 2 0 2 )

N( 7 )  - Ru (1)  - N ( 1 0 )
N ( 7 ) - R u ( 1 ) -  N (8)
N ( 10)  - Ru (1)  - N( 8 )  
N( 7 )  -Ru (1)  - N ( 9 )
N ( 10)  - R u ( l )  -LSI'(9)  
N( 8 )  - Ru (1)  - N ( 9 )  
N ( 7 ) - R u ( 1 ) ~N(3)
N ( 1 0 ) - R u ( 1 ) - N (3) 
N ( 8 ) - R u (1)  N (3)
N ( 9 ) - R u ( 1 ) -N (3)
N (7)  - Ru (1)  - N ( l ’)
M (10 ) - RuCl )  -  N (1)  
N ( 8 ) - R u ( 1 ) - N ( l )  
N ( 9 ) - R u ( l ) - N (1 )
N (3)  R u ( 1 ) - N ( l )
NJ ( 12)  Ru (2 ) N ( I L) 
N ( 12 )  Ru (2)  N ( 1.3)  
IM( I I ) - Ru (2)  N ( J l) 
N ( 12)  R u ( 2 ) - N ( 14)  
N ( L l )  R u ( 2 ) -N ( 14)  
N(1 i) Ru (2)  N ( 14)  
N ( 12)  -  Ru (2)  N (6)
N (.] L) Ru (2)  -N (6)  
NCI 3) -Ru (2) -N (6 ) 
N(  14 ) -  Ru (2)  N ( 6  )
N ( 1 2 ) - R u ( 2 )  N ( 4 )
N ( 11)  - Ru (2 ) - N( 4 )
N (13)  - R u (2)  -W (4)  
N ( 1 4 ) - R u ( 2 ) - N (4)
N (6)  Ru( 2 )  - N ( 4 )
F (16) - P ( l  )-!••( 14)
F ( 16 )  - P ( l )  - U’ (15)
F ( 1 4 ) - P ( 1 ) - F ( 15)
F ( 1 6 ) - P ( 1 ) - F (13)
F ( 1 4 ) - P ( l ) - P ( 13)
F ( 1 5 ) - P ( l ) - F ( 13)
F ( 1 6 ) - P ( l )  F ( 12)
F ( 1 4 ) - P ( 1 ) -  F ( 1 2 ) 
F ( 1 5 ) - P ( l ) - F ( 1 2 )

1 . 3 9 4 ( 9 )  
1 . 3 9 2 ( 8 )  
1 . 4 5 9 ( 8 )  
1 . 3 8 7 ( 7 )
1 . 3 8 1  (8) 
1 . 3 6 7  (8) 
1 . 3 9 5  (7)
1 . 1 9 6  (7) 
1 . 4 5 6 ( 1 0 )  
1 . 5 0 6 ( 9 )  
1 . 1 7 1  (9) 
1 . 4 7 7 ( 1 1 )  
1 . 4 9 3  (13)

98 01 17)
78 87 18)
85 10 16)

176 45 17)
79 í 30 17)
98. 52 17)
85 89 16)

175 77 17)
97 30 18)
96 87 17)
97 55 17)
99 16 16)

174 82 17)
85 22 16)
78 62 17)
78 88 19)
')/ 10 18)

172 85 18)
87 64 17)
95 02 17)
7 8 8 2 18)
92 15 18)
89 10 1 B)
97 01. 18)

175 76 18)
169 19 17)

94 95 17)
89 91 17)

101 83 16)
78 7 9 17)
9 0 . 1 ( 3 )  
9 1 . 5  (4) 
9 1 . 1  (3)

17 8 . 2  (4)
9 0 . 8  (3) 
9 0 . 0  (3)  
9 0 . 4 ( 3 )
9 0 . 8  (3)

1 7 7 . 3  (3)



F ( 1 3 ) - P ( l ) - F ( 1 2 )
F ( 1 6 ) - P ( l ) - F ( 1 1 )
F ( 1 4 ) - P ( l ) - F ( 1 1 )
F ( 1 5 ) - P ( l ) - F ( 1 1 )
F ( 1 3 ) - P ( l ) - F ( l l )
F ( 1 2 ) - P ( l ) - F (11 )
F ( 2 3 X ) - P ( 2)  - F ( 25X)
F ( 2 3 X ) - P ( 2 ) - F ( 2 2 X )
F ( 25X)  P ( 2)  F ( 2 2 X)
F ( 2 3 X ) - P ( 2 ) - F ( 2 5)
F ( 2 5 X ) - P ( 2 ) - F ( 2 5 )
F ( 2 2 X ) - P ( 2 ) - F ( 2 5 )
F ( 2 3 X ) - P ( 2 ) -  F (2 6 )
F  (25X )  -  P ( 2 ) -  F ( 2 6  )
F ( 2 2 X ) - P ( 2 ) - F ( 2 6 )
F ( 2 5 )  -  P (2 ) - F  ( 2 6 )
F ( 2 3 X ) - P ( 2 ) - F ( 2 1 )  
F ( 2 5 X )  - P  (2)  - F  ( 2 1 )
F ( 2 2 X ) - P ( 2 ) - F ( 2 1 )
F  ( 2 5 ) - P ( 2 ) - F ( 2 1 )
F ( 2 6 )  -  P ('2) -F  ( 2 1 )
F ( 23X)  - P ( 2 ) - F ( 24 )
F ( 2 5 X ) - P ( 2 ) - F ( 2 4 )
F ( 2 2 X j - P ( 2 ) - F ( 2 4 )
F ( 2 5 ) - P ( 2 ) - F  ( 2 4 )
F (2 6 ) - P ( 2 ) -  F ( 2 4 )
F ( 2 1 ) - P ( 2 ) -  F ( 2 4 )
F ( 2 3 X ) -  P (2 ) - F ( 2 2 )
F (2!>X) P ( 2)  F ( 2 2 )
F ( 2 2 X ) - P ( 2)  F ( 2 2 )
F ( 2 5 )  P ( 2 )  F ( 2 2 )
F ( 2 6 )  P ( 2 )  F (2.2)
F ( 2 1  ) - P ( 2  ) - F ( 2 2  )
F ( 2 4 ) - P ( 2 )  - F ( 2 2 )
F (2 3 X ) - P ( 2)  F ( 2 3 )
F  ( 2 5 X ) - P ( 2 ) - F ( 2 3 )
F ( 2 2 X ) - P (2) F (23)
F ( 2 5 ) - P ( 2 ) - F ( 2 3 )
F ( 2 6 ) - P ( 2 ) -  F (2 3)
F ( 2 1 ) - P ( 2 ) - F ( 2 3 )
F ( 2 4 )  - P ( 2)  - F ( 2 3 )
F ( 2 2 )  - P ( 2)  - F ( 2 3 )
F ( 2 3 X ) P  ( 2 ) -  F ( 2  6X )
F (2 5 X )  - P  (2 ) - F ( 26X)
F ( 2 2 X ) - P ( 2)  - F ( 2 6 X)
F ( 2 5 ) - P ( 2 )  F ( 2 6 X )
F ( 2 6 ) - P ( 2 ) - F (2 6X)
F ( 2 1  ) - P ( 2 ) -  F ( 2 6 X )
F ( 2 4 )  - P ( 2 ) - F ( 2 6 X )
F ( 2 2 ) - P ( 2 ) - F ( 2 6 X )
F ( 2 3 ) - P ( 2 ) - F ( 2  6 X)
F (2 3 X ) F ( 2 2 )  F (2 2 X) 
F ( 2 3 X ) - F ( 2 2 )  P ( 2)

8 8 . 0  (3) 
9 0 . 5 ( 3 )

1 7 9 . 2  (3)  
8 9 . 4 ( 3 )
8 8 . 7 ( 3 )  
8 8 . 7 ( 3 )  
9 1 . 5 ( 1 1 )  

100  . 0 ( 1 1 ) 
1 6 8 . 2 ( 1 1 )  
1 3 2 . 9 ( 1 1 )

4 2 . 0  (7)  
1 2 6 . 2 ( 9 )  
1 3 0 . 4 ( 1 1 )  
137  . 9 ( 3  0)

3 0 . 4  (7)  
9 6 . 0 ( 7 )  
8 3 . 3 ( 8 )  
8 9 . 9 ( 8 )  
8 9 . 1 ( 7 )  
8 8 . 2  (4)  
9 1 . 7 ( 5 )  
94 . 4  (8)
8 9 . 0  (8)  
9 2 . 5 ( 7 )  
9 2 . 5 ( 4 )  
9 0 . 7 ( 5 )

1 7 7 . 4 ( 3 )  
3 9 . 9 ( 8 )  

1 3 0 . 6 ( 9 )  
6 1 . 1 ( 7 )

.1 7 2 . 6  (7)  
9 1 .  3 (6)
9 1 . 5  (3)  
8 7 . 4 ( 3 )  
4 6 . 0 ( 8 )  
4 5 . 8 ( 7 )

1 4 5 . 9 ( 8 )  
8 7 . 7  (7)  

1 7 6 . 2 ( 7 )
8 9 . 1  (4)
8 8 . 5  (3)  
8 4 . 9 ( 5 )

1 7 5 . 8 ( 1 2 )  
84 . 8 ( 11 )  
8 3 . 6 ( 1 0 )  
4 3 . 2 ( 7 )  
5 3 . 2 ( 8 )  
94 . 5 (8)  
8 7 . 7 ( 8 )  

1 4 4 . 1 ( 9 )  
1 3 0 . 5 ( 9 )
1 2 1 . 2  ( L0 ) 

6 5 . 1 ( 8 )
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F 2 2 X ) - F ( 2 2 ) - P (2) 57 . 7 5)
F 2 5 X ) - F ( 2 3 ) - F ( 2 3 X ) 1 2 5 . 7 11)
F 2 5 X ) - F ( 2 3 ) - P (2) 63 . 8 7)
F 2 3 X ) -  F ( 2 3 ) - P  (2) 62 . 4 7)
F 2 5 X ) - F ( 2 5 ) - F (26X) 138 . 0 13)
F 2 5 X ) - F ( 2 5 ) - P (2) 68 . 2 8)
F 2 6 X ) - F ( 2 5 ) - P (2) 7 1 . 1 8)
F 2 2 X ) - F ( 2 6 ) - F ( 2 6 X ) 138 . 5 14)
F 2 2 X ) - F ( 2 6 ) - P (2) 73 . 5 L0)
F 2 6 X ) - F ( 2 6 ) - P (2) 65 . 0 7)
F 2 6 ) - F ( 2 2 X ) - P (2) 76 . 1 11)
F 2 6 ) - F (2 2 X ) - F (22) 1 3 6 . 8 15)
P 2 ) - F ( 2 2 X ) - F (22) 6 1 . 2 6)
F 2.2) - F  (23X) - F  (23 ) 143 .2 15)
F 2 2 ) - F ( 2 3 X ) - P (2) 7 5 . 0 9)
F 2 3 ) - F (2 3 X ) - P (2) 7 1 . 6 8)
F 2 5 ) - F ( 2 5 X )  - F (2 3) 140 . 1 13)
F 2 5 ) - F (2 5 X ) - P (2) 6 9 . 8 8)
F 2 3 ) - F ( 2 5 X )  - P  (2) 70 . 5 8)
F 2 5 ) -  F ( 2 6 X)  - F (26) 126 .*9 11)
F 2 5 ) -  F ( 2 6 X ) - P (2) 65 . 7 7)
F 2 6 ) - F ( 2 6 X ) - P (2) 61 . 9 6)
F 36X) •• P (3)  F (35) 91 . 1 3 )
F 3 6 X ) - P <3) - F (3 3) 1 2 1 .1 17)
F 3 5 ) - P ( 3 ) -  F (33) 87 . 5 4)
F 3 6 X ) - P ( 3 ) - F ( 3 4 ) 143 . 8 17)
F 3 5 ) - P ( 3 ) - F ( 34 ) 8 9 . 6 3)
F 3 3 ) - P ( 3 ) - F ( 34 ) 89 . 1 4)
F 3 6 X ) - P (3) F ( 32 ) 86 . 7 13)
F 35)  P (3)  F (32) ■:i 7 8 .  0 3)
F n )  P ( 3 ) F ( 32 ) 94 . 4)
F 34)  P (3)  F (32) 9 0 . 7 3)
F 3 6 X ) - P ( 3 ) - F (36) 5 1 . 7 16)
F 35)  - P ( 3 ) -F' (36 ) 90 . 3 4)
F 33)  P (. 1 ) F (36) 1 77  . S 4)
F 34)  P ( 3 ) - F ( 36 ) 92 . 2 4)
F 3 2)  P ( 3 ) -  F (36) 87 . 7 4)
F 3 6 X ) P (3} F ( 3 3 X ) 162  (2
F 3 5 ) - P (3)  F ( 33X) 93 . 2 11 )
F 3 3 ) - P (3)  F (3 3 X) 35 .8 11)
F 3 4 ) - P (3)  F (3 3 X) 53 . 8 12)
F 3 2 ) - P (3)  F ( 33X) 8 8 . 5 11)
F 36)  - P (3 ) - F (3 3X) 14 5 . 7 13 )
F 36X) - P (3 ) - F  (31 ) 3 7 . 5 15)
F 35)  - P  (3 ) - F (3.1 ) 8 8 .  5 3)
F 3 3 ) - P ( 3 ) - F (31) 89 . 7 4)
F 3 4 ) - P { 3 ) - F (31) 177  . 8 3)
F 32)  - P  (3)  - F D l ) 9 1 . 2 3)
F 3 6 ) - P ( 3 ) - F (31) 8 9 . 0 4)
F' 33X) - P ( 3 ) -  F (31) .125 . .1 13)
F 36X) P (3)  - F ( 3 1 X) 83 (2
P 35)  P(  'J) F (31X) 98 . J L2)
F 33)  P ( 3 ) -  F ( 3 1 X ) 4 5 . 5 15)
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F 34)  - P  (3 ) - F  (31X) 132 . 9 1.6 )
F 3 2 ) - P ( 3 ) - F ( 3 IX) 83 . 1 1 2 )
F 3 6 1 " # ( 3 )  - F  (31X) 1 3 3 . 8 16)
F 33X) - P ( 3 ) - F (3 IX) 7 9 . 3 18)
F 31)  - P  (3 ) - F  ( 3 IX) 46 . 3 15)
F 3 6 X ) - P ( 3 ) - F ( 34X) 1 1 1  ( 2

F 35)  - P  (3 ) - F  (34X) 9 4 . 2 1 2 )
F 3 3 ) - P ( 3 ) - F (34X) 1 2 1 .  9 1 2 )
F 34)  - P  (3) - F  (34X) 33 . 1 1 0 )
F 3 2 ) - P ( 3 ) - F ( 34X) 84 . 9 1 2 )
F 36)  - P  (3 ) - F  (34X) 59 . 4 1 1 )
F 3 3 X ) - P ( 3 ) - F (34X) 8 6  . 3 15)
F 31)  - P  (3 ) - F  (34X) 148 .3 1 2 )
F 3 I X ) - P ( 3 ) - F ( 34X) 1 6 1 . 5 18)
F 3 6 X ) - F ( 3 1 ) - F ( 3 IX) 132 .4 17)
F 3 6 X ) - F ( 3 1 ) - P (3) 6 9 . 3 1 1 )
F 3 I X ) - F ( 3 1 ) - P  (3) 6 6  . 3 1 0 )
F 3 3 X ) - F ( 3 3 ) - F ( 3 I X ) 135 . 2 19)
F 3 3 X ) - F ( 3 3 ) - P (3) 73 . 1 1 1 )
F 3 I X ) - F (33)  - P (3) 6 8 . 3 1 0 )
F 3 4 X ) - F ( 3 4 ) - F ( 3 3 X) 1 3 6 . 1 16)
F 3 4 X ) - F ( 3 4 ) - P (3) 74 . 5 1 1 )
F 3 3 X ) - F ( 3 4 ) - P (3) 63 .4 8 )
F 3 6 X ) - F ( 3 6 ) - P (3) 63 , 7 9)
F 3 6 X ) - F ( 3 6 ) • F ( 34X) 124 .1 1 2 )
P 3) - F (36)  - F( 34X) 60 . 8 7).
F 31)  - F ( 3 I X ) - F  (33) 129 . 1 16)
F 3.1) - F | 3 I X )  — P (3 ) 67 .4 1 0 )
F 33)  F ( 3 IX) P (3) 6 6 . 2 1 0 )
F 33)  F ( 33X) - F (34) 132 . 5 15)
F 33)  F( 33X)  P ( 3 ) 7 L . :i 1 0 )
F 34)  F (3 3X) P (3) 6 2 . 8 8 )
F 3 4 ) - F ( 3 4 X ) - F (36) 1 3 1 . 4 15)
F 3 4 ) -  F {3 4 X) - P (3) 7 2 . 4 1 1 )
F 36)  F ( 3 /l X ) P (3) 5.9.8 8 )
F 3 1 ) - F ( 3 6 X ) - F ( 3 6 ) 1 3 7 . 4 15)
F 31)  F (36X) P (3) 7 3 . 2 1 2 )
F 36)  - F ( 3 6 X ) - P (3) 64 . 6 1 0 )
F 45X) - P  (4 ) - F  (42X) 162 . 8 14)
F 45X) -P (4) - F  (42) 134 . 5 16)
F 4 2 X ) - P ( 4 ) - F (42) 3 7 . 3 6 )
F 4 5 X) - P ( 4 ) -  F ( 4 6 X) 83 . 9 16)
F 4 2 X ) - P ( 4 ) - F (46X) 8 7 . 0 9)
F 42)  -P (4 ) - F (46X) 5 0 . 8 7)
F 45X) - P ( 4 ) - F (41) 7 7 . 6 1 2 )
F 42X) - P  (4) - F  (41) 8 6  . 9 7)
F 42)  - P  (4 ) - F (41) 90 . 8 3)
F 4 6 X ) - P (4) F (41) 8 2 . 6 6 )
F 45X) - P ( 4 )  - F  (46) 5 1 . 9 14)
F 42X) - P  (4) - F  (46) 123 . 1 7)
F 42)  P (4) - F (4 6 ) 8 5 . 8 6 )
F 4 6 X) - P ( 4 )  - F (46) 3 7 . 1 6 )
F 41)  - P  (4) • F (46) 93 .4 3)
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F 45X) - P (4) - F (44) 103 . 3 1.3)
F 42.X) -  P ( 4 ) - F  (44) 92 . 2 7)
F 4 2 ) - P ( 4 ) - F (44) 87 . 9 3)
F 46X) - P ( 4 ) - F  (44 ) 9 6 . 5 7)
F 41)  - P  (4 ) - F (44) 1 7 8 . 7 3)
F 46)  P (4 ) - F  (44 ) 8 6  . 5 3)
F 45X) — P (4) - F  (45) 3 7 . 7 14)
F 42X) P (4 ) -  F (45) 151 . 9 7)
F 42)  P (4 ) F (41)) 170 . 6 6 )
F 46X) - P ( 4 ) - F (45) 1 2 0  . 6 8 )
F 41)  - P ( 4 ) - F  (45) 9 1 . 6 3)
F 46)  - P ( 4 )  - F  (45) 84 . 9 5)
F 44)  P ( 4 ) - F (45) 89 . 6 3)
F 45X) - P (4 ) - F  (43 ) 1 2 3 . 5 16)
F 4 2 X ) - P ( 4 ) - F (43) 62 . 9 7)
F 42)  - P  (4) - F (43) 9 9 . 9 6 )
F 46X) - P  (4 ) - F (43 ) 1 4 9 . 4 8 )
F 41)  - P  (4) - F  (43 ) 89.  9 3)
F 4 6 ) - P ( 4 ) -  F ( 4 3) 173 5)
F 4 4 ) - P ( 4 ) - F (43) 90 . 4 3)
F 45)  - P  (4 ) - F (43 ) 89 . 1 4)
F 45X) - P  (4 ) - F ( 43X) 7 4 . 1 17)
F 42X) - P  (4 ) - F ( 4 3 X ) 113 . 5 17)
F 4 2 ) - P (4 ) - F (4 3X) 150 . 6 16)
F 46X) - P (4 ) - F (43X) 1 5 7 .8 16)
F 41) -P  (4 ) - F ( 4 3 X ) 8 9 . 9 13)
F 46)  - P  (4 ) - F  (43X) 123 . 4 16)
F 44)  - P ( 4 ) -  F( 43X) 9 1 . 2 13)
F 45)  P ( 4 ) - F ( 4 3 X ) 3 8 . 5 14)
F 43)  P (4 ) - F (43X) 5 0 . 7 15)
F 42X) F (4 2) F (4 6 X) 11 3 . 2 1.2 )
F 42 X) -F (42)  P( 4) 7 1 . 7 8 )
F 46X) - F  (42 ) - P (4 ) 64 .3 6 )
F 4 2 X ) F (43)  F (4 3X) 123 . 4 1 1 )

4 2X) F (4 3) - P ( 4 ) 58 . 6 5)
F 43X) - F  (43 ) - P (4 ) 64 . 9 9)

4.5X) -F (45)  F ( 43X) 135 ( 2

F 4 5X) - F (4 5) - P (4 ) 7 0 . 6 1 1 )
F 4 3 X ) - F ( 4 5 ) - P (4) 72 . 1 1 1 )
F 46X) F (46)  - F  ( 4 5X) 1 2 1 . 5 16)
F 46X) - F ( 4 6 ) - P (4) 7 0 . 2 8 )
F 45X) -F (46)  P (4 ) 62 . 6 9)
F 4 2 ) - F ( 42X)  F (43) 129 .  0 1 1 )
F 4 2 ) - F ( 4 2 X)  - P (4) 70 . 9 8 )
F 43)  - F  (42X) -- P ( 4 ) 58 . 5 5)
F 4 5 ) - F ( 4  3 X ) - F (43) 133 . 8 14)
F 4 5 ) - F ( 4 3 X ) - P (4) 6 9 . 5 1 0 )
F 4 3 ) - F (4 3 X) - P ( 4) 64 . 4 9)
F 45)  - F (4 5X) - P (4) 7 1 . 7 1 1 )
F 45)  - F (45X) -F (46 ) 12.6 (2
P 4 ) - F ( 4 5 X ) - F (46) 6 5 . 5 1 0 )
F 46)  F (4 6 X ) - F ( 4 2 ) 1 3 2 . 2 13)
F 46)  - F (46X) - P  (4 ) 7 2 . 7 9)
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F ( 4 2 ) - F (46X) - P (4) 
C ( l ) - N ( l ) - C ( 7 )
C ( l ) - N ( 1 ) - R u ( 1 )
C ( 7 ) - N ( 1 ) -Ru ( 1 )
C ( 1 ) - N (2 ) - C (2 )
C ( l ) - N ( 2 ) - C ( 6 )
C ( 2 ) - N ( 2 ) - C (6)
C (8) -N (3) - C ( 1 2 )
C ( 8 ) N (3) -Ru ( I.)
C ( 1 2 ) - N ( 3 ) - R u ( 1 )
C ( 1 9 ) - N ( 4 ) - C ( 25)
C ( 1 9 ) - N ( 4 ) - R u (2)
C (2 5 ) - N ( 4 ) - R u (2)
C (2 0 ) - N ( 5 ) - C ( 1 9 )
C ( 2 0 ) -N ( 5 ) - C (24)
C ( 1 9 ) - N ( 5 ) - C (24)
C ( 3 0 ) - N ( 6 ) - C (26)
C (3 0 ) - N (6 ) - R u (2)
C ( 2 6 ) - N ( 6 ) - R u (2)
C ( 3 1 )  -N (7 ) -C ( 3 5  )
C ( 3 1 ) - N ( 7 ) - R u (1)
C (3 5 ) - N ( 7 ) - R u ( 1 )
C (4 0 ) - N ( 8 ) - C (36)
C ( 4 0 ) - N (8) - R u ( 1 )
C ( 3 6 ) - N (8) Ru ( ! )
C ( 4 1 ) - N ( 9 ) - C (45)
C ( 4 1 ) - N ( 9 ) - R u ( 1 )
C ( 4 5 ) - N ( 9 ) - R u ( 1 )
C ( 50 ) -N ( 1 0 )  - C (46 ) 
0 ( 5 0 )  IM ( 1 0)  Ru ( 1 ) 
C (46) N ( 10) -  Ru ( I ) 
C ( 5 1 )  H( 1 1 )  C ( 55)  
C ( 5 1 ) - N ( 1 1 ) - R u (2) 
C (55)  N ( 1 ] )  R u (2) 
0 ( 5 6 )  W ( 1 2  ) - C (6 0) 
C (56)  N ( 1 2 ) - R U (2) 
C (60) N ( 1 2 )  R u (2) 
C ( 6 1 )  N ( 1 3 ) - C (65)  
C ( 6 1 )  N ( 1 3 ) - R u (2) 
C ( 6 5 ) - N ( 1 3 ) - R u (2) 
C (7 0) - N ( 1 4 ) - C (66) 
C (70)  N ( 1 4 ) - R u (2) 
C ( 6 6 ) - N ( 1 4 ) - R u (2) 
N ( 1 ) - C ( 1 ) -W(2 ) 
N ( l ) - C ( l ) - C ( 1 3 )
N ( 2 ) - C ( l ) - C ( 1 3 )
C ( 3 ) - C ( 2 ) - N (2) 
C ( 2 )  -C ( 3 ) -C ( 4 )
C ( 5 ) - C ( 4 ) - C (3)
C (4 ) -C (5 ) -  C ( 6 )
C (7) - C ( 6 ) - N (2)
C (7 ) C (6) -C ( 5 )
N (2)  -C (6) -C ( 5)

6 4 . 9 ( 6 )  
1 0 7 . 9 ( 4 )  
1 3 8 . 0 ( 4 )  
112 . 9 ( 3 )  
1 2 9 . 5 ( 5 )  
1 0 8 . 9  (5) 
1 2 1 . 6 ( 5 )  
1 1 8  . 5 ( 5 )  
1 1 6 . 6 ( 3 )
1 2 4 . 4  (4)
1 0 7 . 7  (4)
1 3 8 . 7  (4) 
1 1 3 . 5 ( 3 )  
1 2 9 . 3 ( 5 )
1 2 2 . 4  (5)
1 0 8 . 3  (4) 
1 1 6 . 4 ( 5 )
1 2 7 . 1  (4) 
1 1 6 / 4 (3)
1 1 8 . 7  (5)
1 2 5 . 1  (4) 
1 1 6 . 1 ( 4 )  
1 1 7 . 5 ( 5 )
1 2 6 . 6  (4) 
1 1 5 . 7 ( 4 )  
1 1 7 . 1 ( 5 )  
1 2 6 . 8 ( 4 )
1 1 5 . 6  (4) 
1 1 8 . 0 ( 5 )  
1 2 6 . 3 ( 4 )  
I 1 5 . 5 ( 3 )  
1 1 7 . 7 ( 5 )  
1 2 6 . 3 ( 4 )  
. 1 1 5 . 8  (4) 
1 1 9 . 4 ( 5 )
1 1 5 . 6  (4)
1 2 4 . 8  (4) 
1 1 8 . 8 ( 5 )  
1 2 6 . 0  (4)
1 1 5 . 2  (4)
1 1 8 . 4  (5) 
1 2 6  . 0 ( 4 )
1 1 4 . 9  (4) 
1 08  . 3 ( 4 )
1 2 7 . 3  (5) 
1 2 3 . 4 ( 5 )  
1 1 9 . 3 ( 6 )  
120 . 8 (6 ) 
1 2 1 . 3 (6 ) 
1 1 8  . 6 ( 6 )  
1 0 5 . 2 ( 5 )  
1 3 6 . 3 ( 6 )  
1 1 8 . 4 ( 5 )
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c 6 ) - C ( 7 ) - N ( 1 ) 1 0 9  . 7 5)
c 6) - C ( 7 ) - C (8) 1 3 3  . 9 5 )
N 1 )  - C ( 7 ) - C (8) 1 1 6  . 3 5)
N 3) - C ( 8 ) - C (9) 1 2 2 . 0 5)
N 3 ) - C ( 8 ) - C (7) 1 1 3  . 9 5)
C 9 ) - C ( 8 ) - C (7) 1 2 4  . 1 6)
C 1 0 ) - C (9) C (8) 1 1 7 . 6 6)
C 9 ) - 0 ( 1 0 ) - C ( 1 1 ) 1 2 0  . 7 6)
e L2) - G ( L I ) C(LO) 1 1 8 . 4 6)
N 3 ) - C ( 1 2 ) - C ( l l ) 1 2 2  . 7 6)
C 1 4 ) - C ( 1 3 ) - G ( 1 8 ) 1 1 8  . 2 5)
C 1 4 ) - C ( 1 3 ) - C ( l ) 1 2 3  . 2 5)
C 1 8 ) - C ( 1 3 ) - C ( l ) 1 1 8  . 5 5)
C 1 3 ) -  C ( 1 4  ) - C ( 1 5 ) 1 2 0  .6 5)
C 1 6 ) - C ( 1 5 ) - C ( 1 4 ) 1 2 0  . 8 5)
C 1 5 ) - C ( 1 6 ) - C ( 1 7 ) 1 1 9  . 0 5)
C 1 5 ) - C ( 1 6 ) - C ( 1 9 ) 1 2 1 .  9 5)
C 1 7 ) - C ( 1 6 ) - C ( 1 9 ) 1 1 9 . 2 5)
c 1 8 ) - C ( 1 7 ) - C ( 1 6 ) 1 2 0  . 0 5)
c 1 7 ) - C ( 1 8 ) - C ( 1 3 ) 1 2 1  .4 5)
N 4 ) - C ( 1 9 ) - N (5) 1 0 9  .4 5)
N 4 ) - C ( 1 9 ) - C ( 1 6 ) 1 2 7 . 3 5)
N 5 ) - C ( 1 9 ) - G ( 1 6 ) 1 2 3  . 2 5)
C 2 1 )  -C (20)  - N ( 5 ) 1 1 8  . 7 6)
c 2 0 ) - C ( 2 1 ) - C (22) 1 2 0  . 5 6)
c 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 2 0  . 9 6)
c 2 2 ) - C ( 2 3 ) - C (2 4) 1 1 9  . 9 6)
G 2.5) -C  (24 ) - N(5) 1 05 . 1 5)
Q 2 5 )  C (2'1 ) - C ( 2 3 ) 1 3 7 . 3 6)
N 5)  - G (24 ) - C ( 23) 1 1 7  . 6 5)
C 24)  C (2'») N(4) 1 09.  5 '>)
c 24)  - C (25)  - 0 ( 2 6 ) 1 3 2 . 4 5)
N 4) - C ( 2.5 ) - G ( 26 ) 1 1 8  . 5)
N 6 ) - G ( 2 6 ) - G ( 27) 1 2 1 . 5 5)
N 6) C (26) G (25) 1 1 3 . 2 5)
C 2 7 ) - C ( 2 6 ) - C (25) 1 2 5 . 3 5)
C 28)  C ( 2 7 ) - 0 ( 2 6 ) L1 9  . 5 6)
c 29)  -C (28 ) - C (27  ) 1 1 9 . 2 6)
c 28)  -C (29)  - C ( 3 0 ) 1 1 9 . 5 6)
N 6) 0 ( 3 0 )  0 ( 2 9 ) 1 2 4  . 0 6)
N 7) - 0 ( 3 1 )  - C  ( 32) 1 2 3  . 3 6)
C 3 1 ) - C ( 3 2 ) - 0 ( 3 3 ) 1 1 7  . 9 6)
c 3 4 ) - C ( 3 3 ) - 0 ( 3 2 ) 1 2 0 . 0 6)
c 3 3 ) - 0 ( 3 4 ) - C ( 35) 1 1 9 . 2 6)
1ST 7 ) - 0 ( 3 5 ) - 0 ( 3 4 ) 1 2 0 . 8 6)
N 7 ) - 0 ( 3 5 ) - C (36) 1 1 4  . 9 5)
C 3 4 ) - C ( 3 5 ) - C (36) 1 2 4  . 3 6)
N 8) - 0 ( 3 6 )  - 0 ( 3 7 ) 1 2 1  . 0 5)
N 8) - 0 ( 3 6 )  - 0 ( 3 5 ) 1 1 4  . 2 5)
C 3 7 )  - 0 ( 3 6 )  - 0 ( 3 5 ) 1 2 4  . 7 5)
G 38)  0 ( 3 7 ) - C (36) 1 1 9 . 5 6)
c 3 7 ) -  0 ( 3 8 )  - C (39) 1 2 0 . 3 6)
c 38)  - 0 ( 3 9 )  - 0 ( 4 0 ) 1 1 9 . 2 6)
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N
N
C
C
C
N
N
C
N
N
C
C
C
C
N
N
C
c
c
N
N
C
N
N
C
c
c
c

' N 
N 
C 
C 
C 
N 
N 
C 
N 
N 
C 
C 
C 
C 
N 
O 
0 
c  

; o 
o 
c

8 ) - C ( 4 0 ) - G (39)
9 ) - b ( 4 i ) - C (42)
4 3 ) - C (42 
4 2 ) - C (43
45 )  -C (44 
9) -C (45)
9) -C (45)
44)  -C (45
1 0 ) - C (46 
1 0 ) - C (46
47)  -C (46
4 6 ) -C (47 
49)  -C (48
4 8 ) - C (49
1 0 ) - C (50
1 1 )  -C ( 5 1  
5 1 ) - C (52 
54)  G ( 5 3 
5 3 ) - C (54
1 1 ) - C (55 
1.1), - C  ( 55 
54. ) - C ( 55
1 2 )  G ( 56 
1 2 )  -C(5'6
5 7 ) - C (56
58)  -C (57 
57 )  - C (.58 
5 8 ) - G ( 5 9
1 2 ) - G (6 0
1 3 )  -G ( 6.1
63)  • G (6 2 
6 2 ) - C (63 
6 5 ) ~ C (64 
1 3 ) - C ( 6 5
1 3 )  -C (6 5
6 4 ) - C (65
1 4 ) • C (66 
1 4 ) - C (66
67)  -C (66
6 8 ) - C (67 
6.9) -C (68 
68) -C  (69 
1 4 )  -C (70

- C  ( 4 1
- C ( 44 
- C  (43 
C (44) 
C (46) 
-C (46 
- C (47 
- C  (45 
- C  (45 
- C  (48 
- C  (47 
- C  (50 
- C  (49 
- C  (52
-  C.( 5 3  
- C  (52 
- C  (55  
- C (54

C (56 
-C (56 
-G ( 57 

- C  (55  
-G (55  
~C (56 

; - C  (59 
- C (60 
.- G ( 5 9 
- C (62 
*-C( 6 1 
-C (64 
- C  (63 
-C ( 64 
-C ( 66  
- C (66 
-C (67 
- C (65 
- C (65 
- C (66 
- C (67 
-C (70 
-C (69

1 0 0 )  - C ( 1 0 0 )  - C ( 1 0 1 )
1 0 0 )  - C ( 1 0 0 )  - C U 0 2 )
1 0 1 ).-G( l  0 0 ) - C (.1 0 2 ) 
2 C 0 :): -G (.2 00) -C ( 2 0 1 )  
2 0 0 ) vG(2 0 0 ) - C (2 0 2 ) 
2 0 1 ) . - C (200)  -C (202)

122 . 5 (6 ) 

1 2 4 , 0 ( 6 )  
1 1 8 . 7 ( 6 )  
1 1 8  .8. (6) 
120.0 (6) 
1 2 1 . 3 ( 5 )  
1 1 4 . 3 ( 5 )
1 2 4 . 4  (5)
1 2 0 . 5  (5)
1 1 5 . 0 , ( 5 )  
1 2 4  . 5. ( 5 ) 
120 . 4 (6) 
1 1 9 . 5 ( 6 )  
1 1 8 . 0 ( 6 )
1 2 3 . 5  (5) 
1 2 3 . 5 ( 6 )
1 1 8 . 7  (6) 
1 1 9 . 2 ( 6 )  
119 .¡I (6)
1 2 1 . 3  (6) 
1 1 4  . 5 (,.5 ) 
1 2 4  . 2 (6) 
1-20.. 9 ( 6  )

. 1 1 4  . 8, (5 ) 
1 2 4 . 3 ( 6 )  
1 2 0 . 6 ( 7 )  
118 . 6 (6) 

•120 . 1. (6 ) 
. 1 2 0 . 4  (6) 
1 2 3 - 0 ( 6 )  
118.0 ( 6 ) 

120.1 ( 6 )

1 1 9 . 0  (6) 
3 21 . 0 (5 ) 
1 1 4  . 9 ( 5 )  
1 2 4 . 0 ( 5 )
1 2 1 . 3  (5)
1 1 5 . 0  (5)
1 2 3 . 6  (5)
1 1 9 . 6  ( 6) 
1 1 8 . 9 ( 6 )  
1 1 9 . 0 ( 6 )  
1 2 2 . 7 . ( 5 )  
1 2 2 . 6 ( 7 )
1 2 1 . 6  (7)
1 1 5 . 8  (7)
120.0 ( 8 )
1 2 3 . 4  (8)
1 1 6 . . 6  (8)

S y mme t r y  t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  aton
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T a b l e d ' .  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  (Aa 2 x  1 0a 3) f o r  c 
The a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  form:
-2 p i *2 [  h/*2 a* A2 U l l  +  . . .  +  2 h  k  a *  b* U12 ]

( J l l  U22 Q3 3 U23 U13

R u ( l ) 32 1 ) 24 1 ) 24 1 ) 1 1 ) 6 ( 1 )

Ru (2) 25 1 ) 29 1 ) 33 1 ) 1 1 ) 5 ( 1 )

P.(X) 68 1 ) 62 1 ) 54 1 ) - 4 1 ) 3 ( 1 )

F i l l ) 1 1 5 4) 59 3) 60 3) - 1 2 2) 1 3  (3)

F ( 1 2 ) 1 3 8 5) 1 1 6 4) 95 4) - 3 9 3) 55  (3)

F ( 1 3 ) 1 0 1 4) 1 3 2 4) 57 3) 8 3) 3 (3)

F ( 1 4) 95 4) 96 4) 03 3) -40 3) 9 (3)

F ( 1 5 ) 74 3) 1 0 5 4) 1 7 3 6) - 1 6 4) 46 (4)

F ( 1 6) 1 9 2 6) 68 3) 94 4) - 9 3) - 5 9  (4)

P (2) 50 1 ) 67 1 ) 45 1 ) 1 0 1 ) 6 ( 1 )

F ( 2 1 ) 53 3) 1 7 2 5) 1 1 1 4) 47 4) 2.7 (3)

F (24) 54
6 1

3) 07 3) 94 3) 1 1 3 ) 1 7 ( 2 )

F (22) 4) 00 5) 1 5 5 8) 64 5) 26 (5)

F (23) 94 6) 2 04 1 0 ) 55 5) - 4 8 6) - 9  (4)

'X? (25) 88 6) 83 6) 2 5 3 1 3 ) 92 8) -•33 (7) ,

F (26) 1 5 4 9) 2 0 2 1 2 ) 1 0 3 7) - 1 1 2 8) - 4 2 ( 6 )  ’

Pi  3) 44 1 ) 4 0 1 ) 36 1 ) - 1 1 ) 4 ( 1 )
F (32) 1 2 9 4) Sit 3) :i oo A ) 1 3 2) -44 (3)

F  (3 5) 1 0 7 4) 52 3) I 1 1 4) 3 3) - 2 6  (3)
F ( VI ) 9 1 A ) 5 1 3) 70 4) 1 3) 2 8 ( 3 )

F ( 3 3 ) 77 5) 1 7 b 0) 86 5) A 5) 52  (4)

F (3 4) 1 1 3 5) 57 4) 73 5) - 1 2 3) - 45  (4)

F (36) 1 3  0 6) 1 4 3 6) 1 0 8 5) -2. 1 5) 93 (5)
P (4) 48 1 ) 40 1 ) 72 1 ) 1 0 1 ) - 2 ( 1 )
F ( 4 1 ) 65 3) 60 3) 1 1 4 4) 3 5 3) 1  (3)
I'1 (44 ) 89 3) 69 3) 1 1 8 4) 26 3) ■12(3)
F (4 2) 79 5) 93 6 ) 212 1 1 ) 06 7) - 5 5 ( 6 )
1?' (43) 14 L 6 ) 90 5) 26 3) -1 0 3) 11 (4)
F (45) 54 4) 67 4) 59 4) -15 3) -7 (3)
F (46) 0 0 5) 121 7) 113 7) 10 5) 4 9 {5)
N( l ) 30 2 ) 26 2 ) 26 3) 0 2 ) “ 1 (2 )
N(2) 33 3) 40 3) 31 3) - 1 2 ) 6 (2 )
N(3) 39 3 ) 26 2 ) 29 3) -2 2 ) 6 (2 )
N (4) 26 2 ) 23 2 ) 35 3) - 1 2 ) 7 (2 )
N (5) 27 2 ) 31 3) 34 3) 4 2 ) 5 (2)
N (6 ) 29 3) 43 3) 41 3) -3 2 ) 6 (2 )
N (7) 39 3) 25 3) 30 3) -4 2 ) 3 (2)
N ( 8 ) 35 3) 31 3) 3 0 3) 2 2) 7(2)
N (9) 28 2 ) 32 3) 29 3) 1 2 ) 7(2)
N (1 0) 29 2) 20 2 ) 28 3) -3 2 ) 9( 2)
N ( l l ) 3 0 3) 34 3) 34 3) - 1 2) 7(2)
N ( 1 2 ) 3 1 3) 34 3) 40 3) 3 2 ) 2 (2 )
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N (13) 
N(14)
c(i)
G (2)
C (3 )
C (4 )
C (S)
C (6)
G ( 7 )
C ( 8 )
C (9) 
C ( 1 0 )  
C ( l l )  
C ( 1 2 )  
G ( 1 3  ) 
C ( 1 4  ) 
C ( 1 5 )  
C ( 1 6 )  
C ( 1 7  ) 
C ( 1 8)  
C ( 1 9  ) 
C (20)  
C ( 2 1 )  
C (22)  
C ( 23  ) 
C (2.4 ) 
C ( 2 5 ) 
C (26)  
G (27)  
C ( 2 0 ) 
C( 29)  
C (30)  
C ( 3 1  ) 
C ( 3 2 )
c< n )
C ( 3 4 ) 
C ( 3 5 ) 
G (36)  
C ( 3 7  ) 
C (38 ) 
C ( 3 9 ) 
C (4 0 ) 
C ( 4 1 )  
C (42) 
C ( 4 3 ) 
C (44 ) 
C (45 ) 
C (46) 
C (47)  
C ( 4 8 ) 
C ( 4 9 ) 
C ( 5 0 ) 
C ( 5 1 )

31 (3) 
25 (2)
34 (3) 
33 (3)
46 (4) 
45 (4)
51 (4) 
36 (3) 
36 (3)
47 (4) 
57 (4) 
81 ( 5 )  
69 (5) 
55 (4) 
27 (3)
45 (4)
44 (4) 
21 (3) 
33 (3)
35 (3)
33 (3)
39 (4)
52 (4) 
69 (5)
46 (4)
34 (3)
32 (3)
33 (3) 
46 (4 )
45 (4 ) 
3 8 ( 4 )  
3.1 (3) 
35 (3 )
45 (4) 
SB ('»)
59 (4) 
44 (4) 
3 7 ( 3 )
51 (4)
43 (4 ) 
28 (3)
40 (4)
46 (4)
60 (4) 
88 (6 ) 
72 (5)
44 (4) 
39 ( 3)  
7 1 ( 5 )
52 (4) 
33 (3) 
38 (3) 
3 6 ( 3 )

38 (3) 
27  (2) 
3 1  (3) 
53  (4) 
73  (5) 
67 (5)
43  (4) 
34 (3)
25 (3) 
22  (3) 
3 1 ( 3 )  
22  (3) 
3 7  (4) 
34 (3)
26 (3)
44 (4) 
3 9 ( 3 )  
3 5 ( 3 )  
3 7  (3)
27  (3) 
2 7  (3) 
54 (4) 
56 (5) 
3 9 ( 4 )  
3 1 ( 3 )  
30 (3) 
26 (3) 
29 (3)
3 3  (3) 
4 6 ( 4)  
63 (5) 
54 (4) 
37  (3)  
52  (4)
70 (5) 
6 1  (4 ) 
3 7  (4)
34 (3) 
58 (4) 
69 (5)
7 1  (5) 
50 (4) 
36 (3) 
46 (4) 
6 0 ( 5 )  
44 (4) 
29 (3) 
3 0 ( 3 )  
3 1  (4) 
2 3 ( 3 )  
3 6 ( 3 )
3 5  (3) 
4 1  (4)

30 (3) 1  (2) 6 (2)

3 1  (3) 2 (2.) 3 (2)

2 1  (3) 0 (2) 4 (2)

32  (3) -6 (3) 9 ( 3 )

48 (4) - 3  (4) 1 8  (3)

52  (4) - 1 8  (4) 1 4  (3)

46 (4) - 1 3  (3) 2. (3)
32  (3) - 2  (3) 5 ( 3 )

25  (3) - 4  (2) 1 ( 2 )

24 (3) - 4 ( 2 ) 1 ( 3 )

40 (4) - 7  (3) - 2  (3)
54 (5) 1 ( 3 ) -8 (4)

45  (4) 3 (3) 2 (4)

36 (4) - 3  (3) 1 0  (3)

37  (3) 4 (2) 7 ( 2 )

25  (3) 4 (3) 4 (3)

27  (3) 1 4  (3) 0 (3)

32  (3) - I  (3) 4 (2)

25  (3) ,  0 ( 3 ) 1 ( 2 )

35  (3) 7 (3) 6 (3)

3 7 ( 3 ) 6 (3) 7 ( 3 )

56 (4) 5 (3) -5. (3)
68 (5) 1 2  (4) - 1 1  (4)

74 (5) 1  (4) 5 (4)
56 (4) 6 (3) 1  (3)
38 (4) 5 (3) 1 2  (3)

3 5  (3) 2 (2) 1 2  (3)

37  (3) - 2  (3) 1 8  (3)
4.5 (4) 7 ( 3 ) 20 (3)
56 (4) - 2 0  (3) 22  (3)

62 (!..) 26 (4 ) . 1 3 ( 3)
47  (4) 1 0  (3) 1 0  (3)
30 (3) 3 ( 3 ) 0 (3)
30 (4) 5 ( 3 ) 1  (3)
27  (4 ) 6 ( 3 ) - 6 ( 3 )
2 7  (4 ) 1  (3) 7 ( 3 )

3 1 (3) 1.(3) 1 1  (3)
29 (3) 4 (3) 9 (3)
42 (4) - 1 ( 3 ) 23  (3)

58 (5) 5 (4) 23  (4)
6 1  (5) 5 (4) 9 (3)
36 (4) 2 (3) 0 ( 3 )
29 (3) - 5 ( 3 ) 3 ( 3 )
2 7  (3) - 2  (3) 3 ( 3 )
25  (4) 2 (3) - 3  (3)
37  (4) 4 (3) 1 ( 3 )
34 (3) 5 (3) 2 (3)
29 (3) 7 (2) 6 ( 3 )
52 (4) 8 ( 3 ) 5 (4)
6 1 ( 5 ) - 6  (3) 8 ( 3 )
45  (4) - 7  (3) 1 0 ( 3 )
37  (4) - 3  (3) 6 (3)
44 (4) 9 ( 3 ) 7 ( 3 )
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C ( 52 ) 55 4) 54 4) 39 4) 8 3) 1 3  (3)
C ( 53 ) 72 5) 60 5) 49 5) 7 4) 3 1  (4)
C ( 54 ) 34 4) 53 4) 69 5) - 1 4) 2 1  (3)
C (55) 35 3) 30 3 ) 48 4) 4 3) 1 2  (3)
C {56 ) 3 1 3) 30 3) 53 4) 1 3) 7 (3)
C (57) 3 1 4) 62 5) 70 5) 9 4) 5 (3)"
C ( 5 8 ) 25 4) 69 5) 86 6) 2 4) - 1 1  (4)
C (59 ) 47 4) 74 5) 58 5) 1 6 4) - 2 0  (4)
C (60 ) 42 4) 54 4) 45 4) 2 3 ) -6 (3)
C ( 6 1  ) 47 4) 50 4) 39 4) - 2 3) 1 0  (3)
C ( 62 ) 62 4) 60 5) 40 4) - 5 3 ) 20 (3):  .
C ( 63 ) 63 5) 66 5) 46 4) 9 4) 26 (4) :
C(64) 59 4) 47 4) 43 4) 8 3) 1 - 1 ( 3 )  ‘
C (65 ) 33 3 ) 37 3) 35 3) 9 3) 3 (3)
C (66) 34 3) 33 3) 32 3) 1 3) 4 (3)
C ( 67) 55 4) 34 4) 48 4) 8 3) 1 0  (3)
C (68 ) 57 4) 25 3) 62 5) - 4 3) 9 (4)
C ( 69 ) 42 4) 37 4) 44 4) - 4 3 ) 5 (3)
C ( 7.0 ) 30 3) 33 3) 3 7 4) * - 1 3) 2 (3)
0 ( 1 0 0 ) 65 3) 48 3) 64 3) - 7 2) 5 (3)
0 ( 1 0 0 ) 57 4 ) 46 4) 48 4) - 3 3) 4 (3)
0 ( 1 0 1 ) . 1 7  3 1 1 ) 78 7) 1 7 9 1 2 ) - 3 3 7) - 1 2 0 ( 1 0 )
0 ( 1 0 2 ) 80 6) 70 5) 8 1 6) 1 2 4) • 1 0 ( 5 )
0 ( 2 0 0 ) 33 4) 35 4) 1 1 5 6) - 2 1 4) - 7  (4)
0 ( 2 0 0 ) 36 5) 1 9 4) 54 6) -.3 4) - 1  (4)
0 ( 2 0 1 ) 47 5) 48 5) 27 5) - 7 4) 7 ( 4 )
0 ( 2 0 2 ) 46 6) 86 8) 58 7) - 3 3 6) - 1 6 ( 5 )  ‘

Ta b.l,e ■ Hy dr og e r c o o r d i n a t e s ( X 1 0 A<i a n d i s o t r o p i c
d i s p l a c e m e n t  p a r a m e t e r s  (Aa 2 x  1 0  a 3) f o r  c i f t a b .

X y z U(e

H(2) 1 2  0 5 3880 7 9 1 5 56 (
H ( 3 ) 483 4 5 5 6 8363 56 (
H (4) 1 0 3 2 5 45 5 8397 56 (
H ( 5 ) 2 2 7 1 5 67 9 7 94 7 56 1
H( 9) 3 2 2 2 5984 7 27 8 60 I
H ( 1 0  ) 4 2 4 3 6542 6855 60 1
H ( 1 1  ) 5 5 4 7 6 1 6 6 6 5 5 7 60 1
H ( 1 2  ) 5 7 2 9 5 2 3 4 6586 60 1
H ( 1 4  ) 2 4 7 5 3 1 1 9 8 0 1 9 23 (
H ( 1 5 ) . 1 9 5 1 2 266 7690 23 (
H ( 1 7 ) 1 9 8 8 2 72 9 5 930 23 (
H ( 1 8  •) 2460 3 5 88 6258 23 l
H (20 ) 3 1 9 2 . 1603 7 1 4  3 62 1
1 1 ( 2 1 ) 3 7 99 744 7 1 6 1 62 l
1 1 ( 22) 2 9 7 1 7 6702 62. I
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H 23) 1 5 6 3
H 27) 233
H 28) - 1 1 4 6
H 29) - 2 2 2 9
H 30) - 1 9 5 4
H 31) 2 9 6 1
H 32) 2 5 7 5
H 33) 3 6 7 2
H 34) 5.125
H 37) 6 5 1 2
H 38) 7 8 6 6
H 39) 7 9 6 7
H 40) 6 7 0 3
H 41) 5 1 5 6
H 42) 5 5 4 8
H 43) 5 7 3 7
H 44) 5 4 3 4
H 47) 5 2 4 6
H 4 8) 4 8 9 5
H 49) 4 4 0 2
H 50) 4 2 3 7
H 5 1 ) - 4 4
M ■5 2 ) - 7 8 4
H 53) - 2 2 8 7
H 54) ''•£ - 2  993
H 57) - 3 5 9 8
H 58) - 4 0  92
H 59) ■ - 3 0 4 6
H GO) - 1 5 3  8
H 61) 212
II 62) 86 7
H 63) 12.12
H 64) 892
H. 67) 549
H 68) 2.77
H 69) - 1 8 0
H 70) - 4 2 4

6229 62 1
5700 42 1
5202 42 I
49 3 5 42 1
5189 42 1
5958 62 1
4 9 2 7 62 (
4 2 6 1 62 1
4 6 6 6 62 (
5143 62 1
5 7 1 5 62 1
6775 62 1
7253 62 1
8134 51 (
9138 51 1
9392 51 1
8623 51 (
7 8 1 6 51 (
6 9 4 7 51 1
6 0 1 0 51 1
5976 51 1
7240 56 1
8 0 8 9 5 6 1
8006 56 1
7 065 56 (
6Ò98 .? 56  1
5 1 1 1 56 I
4 4 3 0 56 i
473  0 56 I
4 6 7 8 47 I
3 835 4 7 1
3 782 47 1
4568 47 f
5351* 47.1
624 7 4 7 1
7050 47 1
6 92 3 4 7 (

134
179
- 9 2
559

1457
4 5 1 5
4 6 4 4
4 5 1 0
4 3 0 5
4 1 0 4
3 9 4 7
3 9 0 2
4 0 1 4
4 7 6 8
4 5 3 0
3 6 1 4
2 9 5 9
2383
1840
2 2 5 2
3 1 9 1
1763
1710
1959
2 2 5 7
2433
2 7 2 8
2 8 8 6
2 6.98
170.9
2 025
2 9 5 4
3 54 5
4 03-8
4 4 8 9
3983
3 05 0
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A systematic approach to the deuteriation of polypyridyl type ligands is reported. A range of isotopologues of 
heteroaromatic compounds containing pyrazyl, pyridyl, 1,2,4-triazole, thienyl, methyl, and phenyl moieties, have 
been prepared in a cost-effective manner, using a range of methods based on subcritical aqueous media. Selectively 
and fully deuteriated ligands are characterized by mass spectrometry and’ Hf 2D, and 13C NMR spectroscopy. The 
application of deuteriation to supramolecular chemistry is discussed.

Introduction
T h e  application  o f  tran s itio n  m eta l com p lex es incorporat

ing polypyridyl ty p e  ligands in inorganic pho tochem istry  and 
supram olecu lar chem istry , in particular, h as increased  rapidly  
s in ce  th e  m id 19 7 0 s.1 in  particu lar, ru th en iu m (II) and 
o sm iu m (n ) based po ly p y rid y l com plexes h av e  been  utilized 
as b u ild in g  b locks fo r larg e  m ultinuelcar s truc tu res, m ostly 
b ecause  o f  their sy n th e tic  versatility  and su itab le  photo- 
physical and dcctrochcinie.iil p ro p e i'lie s / I low cvcr, w ith the 
ev er increasing  com p lex ity  o f  » ip m m o lccu la r  sy s tem s. I lie 
ability to characterize these  m olecules fully by standard NMR 
tech n iq u es has b eco m e  difficult.-1 A n  add itional challenge 
off.cn encountered  is th e  iden tification  o f  th e  n a tu re  o f  the

*  'I a  w h e n  Li c o m ’spenden re s h m ik l  h-;* a d ilrc f is c tU  fc ì-n ia il: ìo I i ì ii iu c s .v o s ( ì/J  
iicu.ic. Fa*: 00353 i 7005503. Phone-. 00353 I 7005307.

I Natidiutl Centro for Sensor Ucacarcku
* Dublin institute o f Technology.
fr School of Chemical St;ienccs, I>ublin Cify University.
|! National Institute for Cellular BioieclmoJogy.

Cl) (a) Juris, A.; Balaam, V.; Bar igei letti. F.; Campagna, S.; Belser, P.; 
von Zclewsky, A. Coord Chenu Reu, 1988, 84, 85. (b) Balzani, V.; 
Campagna, S.; Denti,, G.; Juris, A.; Ventura, M. Coord Chenu Reu, 
iw** m ,  I, (c) Balzani, V.; ScandoJa, F. Supramolecular l'Italo- 
dtemistry, Bllis Horwood: Chichester, U.K., 1991. (d) Supmmolecular 
Photochemistry, Balzani, V., Ed.; Reidel: Dordrcehl, The Nellicrlands, 
1997. (e) Kalyanafiundaram, K.. Conni. Chan, Reu. 1962, 46, 159,

(2) (a) Balzani, V.; Juris, A ; Venturi, M.; Campagna, S.; Serroni, S. Aee. 
Chem Rex. 1998,31, 26. (b) Slate, C. A.; Slriplin, D. R.; Müsk, ,1. A.; 
Chen, P,; Hrictcson, B. W.; Meyer, T. J. J. Am. Chem. Sete. 1.998, 120. 
4885. (e) Hu, Y.-Z.; Tsukiji, S.; Sliinkai, S.; Oislii, S.; Hamachi, I. .1 
Am. Chem. Sor. 2 0 W (, 122, 241. (d )  Balzani., V.; Juris, A.; Venturi, 
M.; Campagna, S.; Serroni, S. Chem. lieu. 1996, 96, 759.

(3) (il) Thununcl, K. P.; Wiiliimison, D.; I lay , C. tnory, Chem. 1993, 
32, 1587. (I>) Chimyil, S.; Thuxiimcl, R. I». Innry,. O w n  1989, 28, 
XI?-. (c) O'Brien, J. li.; McMurry, T. ». H.; 0 ‘CilMiij-ll«ii, C:. N. ./. 
Chitin. Hex., Syiiii/) 199», 448 and references Hierein.

em ittin g  state , w hich, fo r he tero lep tic  com pounds, m ay  be 
loca ted  on d iffe ren t p a rts  o f  th e  m olecu la r assem bly . D eu
te ria tio n  o f  ligands has been proposed as a tool to help 
ov erco m e these  p ro b lem s, a t least in p a rt.4

T o  date, how ever, the  w idesp read  use o f  deu teria tion  as a 
general spectroscopic aid has been lim ited, prim arily  because 
o f  th e  lack o f  gen era lly  applicable, h igh y ield , and low cost. 
H /D  ex change  p rocedures for polypyridyl ty p e  ligands. In 
this con tribu tion , a general and system atic  approach  to the 
deuteria tion  o f  po lypyridy l type hete roarom atic  com pounds 
is reported. T h is approach is based  on the  u se  o f  subcritical 
D 2O. T he m eth o d s reported  in th is co n tribu tion  are  a 
s ign ifican t im p ro v em en t on trad itional ro u tes  reported  for 
th e  deu teria tion  o f  2,2'--btpyriclyl, w h ich  req u ire  several 
syn the tic  steps o r th e  use  o f the env ironm en ta lly  unfriendly 
m aterial asbestos.5,6 B oth m ethods yield only fully deuteriated 
com pounds, in low to  m oderate  y ields. W ith th e  system atic 
approach reported in th is contribution, m ore than  30 partially 
and fully  deu teria ted  com pounds (F igure  1.) arc  obtained in 
h igh y ields (~ 9G % ). T h e  procedures used arc  relatively  low 
cost and stra igh tfo rw ard  and  can be carricd  ou t on at least 
gram  scale T h e  approach  reported  is o f  a  g en era l nature and 
can. be applied to a w id e  range o f  com pounds, and as a result, 
th e  w idespread  use  o f  partial deu teria tion  to e lucidate  the 
p ro p erties  o f  sup ram o lccu la r structu res is n o w  possible.

(4) For a reec.ul review sec: Browne, W. R.; Vos, J. G. Coord Client 
Ren. 20(11, 219, 761 and references I herein.

(5) Cook, M. .1.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson, 
A. J.; Glasper, J. L.; Robbins, O. J. J. Chem. Soe., Perkin Trans. 2 
1984.1293.

(6) Fischer. G,; Pm  a, M. Synthesis 1973, 4, 218
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Table 1. Conditions, Yields, and Bxtcnt of'lsotope Exchange Reactions

compound overall % H -D  exchange (site)“ method* % yield' time (days)
reaction

11) [D#]-2,2'-bipyridine >98
>98

A
c:

80
90

2 x 3  days 
6

2b [D,|]-4,4'-bipyridine >98 (C2/C6); <15(C3/C5) B 95 3
2c [D«]-4,4'-bipyridine >98 A 80 4

>98 C 90 6
3b [Di2]-4,4'-dimethyI-2,2'-bipyridine > 98 (50% exchange at C3) A 70 4

>98 C 95 * 6
4 It [Dp.J-1,10 -phcnanl lira line >98 A 70 4

-• 98 C 95 6
SI) [D(,J 4,7-diphenyl -1,1O-phcnanlhmline >98 phcnanLhroline prolons 

(<5% for phenyl rings,
C5/C6 show incomplete exchange)

c: 95 6

Sc [Dio]-4,7 -diphenyl-1,10-phenanthroline ~95% for phenyl rings D (from 5d) 95 6
5d [ D i.i ] - 4 ,  7-diphenyl-1,10-phenanthroline >98 (<5 at C5/C6) A 60 6
Se [Dii,]-4,7-diphenyl-1,10-phenanthroline >98 A then C 80 2 x 3 days
6b [DiJ-2,2'-biquinolme >98 A 80 3
6c [D,|] -2,2' -biquinol ine >98 C2/C3/C4 (<  10 at 

remaining positions)
C 60 4

7b [Di(i]-2,3-di-(pyrid-2yl)-pyrazine > 98 C 90 6
8b [Dî]-2-(t.hien-2' yl)-pyrichne >98 (py-H6/(h-H5') B 85 6
8c [[>i]-2-(thierL-2'-yl)-pyiidine >98 C 95 6

“ In the case o f partially deuteriated compounds, exchange at individual positions is given in parentheses.1 A 0.1 g o f 10% Pd/C in 20 mL of DjO at 200 
"C; B in 20 mL of D20  at 200 °C; C in 20 mL o f 1 M Na0D/D20 at 200 °C; D in 20 mL of 1 M NaOH/fbO at 200 °C. ' Based on recovered yield.

•i'
developed . In m eth o d  A , Fd/C  is u sed  as a catalyst in the 
p resence  o f  D 2O , and in m ethod B , only D 2O  is used, w hile  
m ethod  C  is based on the  use of basic D 2Q  (pD  =  10/11). 
In addition, “reverse”  D /H  exchange has been u sed  to  achieve 
further regioselectiv ily . T he approaches taken  arc  basic H jO , 
m ethod D , neu tra l H 2O , m ethod E, and n eu tra l H 2O in the , 
presence  o f  Pd/C , m ethod  F. In all m eth o d s, the  reac tion  is 
c arried  ou t in a  sea led  steel con ta iner w ith  a T eflo n  liner at 
200 °C. T he p ro d u c ts  obtained, to g e th e r w ith  f ie ld s , the 
degree o f  deuteriation , and experim ental conditiohs 'a re  given 
in T ables 1 and 2. S pectroscopic  characterization  o f  the  
p roducts lias been carried  out using  m ass spectrom etry  and 
'H , 2D, and HC N M R  spectroscopy. B a ta  are given as 
Supporting  Inform ation . T he degree o f  deu teria tion  was 
dcierm ined  using  bolli 'H NM R spectroscopy  and m ass 
spectrom etry . In T ables J and 2 (and for convenience 
th ro ughou t this p aper), the  exchange o f  the  N —H proton of 
1,2 ,4-triazole r in g s is n o t considered  because exchange1 at 
th is p osition  is fa s t and occurs under am htéttf fo n d iiib iis  in 
pro tic  solvents.

D iscu ss io n

G e n e ra l.  T h e  ap p licatio n  o f  high tem pera tu re  and su p e r
critical aqueous m ed ia  in organic reac tions has a ttracted 
s ig n ifican t interest in recen t y ears.12 M uch less attention  has 
been focused on m edium  tem perature ( 1 5 0 - 2 5 0  C’C) aqueous 
m edia despite it being  the m ore accessible tem perature  range. 
H /D  exchange o f  py rid ine  under acidic, neu tra l, and basic 
cond itions w as investiga ted  in som e deta il in the m edium
(1 5 0 —250  °C) and  low  (< 1 5 0  °C ) tem pera tu re  ran g e .1,1' 1'’ 
The usefu lness o f  transition  m etal catalysts w as exam ined,

(12) (a) Katritzky, A. R.; Nichols, D. A.; Siskin, M.; Munigan, R.; 
Balasubramanian, M. Chem Ren. 2001, V01, 837. (b) Junlc, T.; Catallo, 
W. 3. Client. Soc Reu. 1997, 26. 401.

(13) (a) Zoltcwicz, J. A.; .Smith, C. L. J. Am Chem. Soc. 1967,119, 3358, 
(b) Yao, I ;  Fivilia, R. K Am. Chem. Soc. 1994, 116, 11229. (c) 
Riesen. ÍI.; Wallace, L.; Krausz, E.J. Phys. Chem. 19%, 1(1(1, 17138.
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Prelim inary  results on the  deuteriation o f  2 ,2 '-b ipyridy l using 
a P d /C  catalyst and D ? 0  as deu terium  so u rce  w ere  reported 
in an  earlie r co m m u n ica tio n . 1 Subsequen tly , th is approach 
w as applied to the  M l  deuteriation  o f  l.lO -phenan tliro line ,7’8 
pyridyl- and p j/razy l-I,2 ,44riazo le ,I; im idazo le,10 and 2-(thien- 
2 '--yI)-pyridinc.n

R e su lts

A s outlined  in the  Experim ental S ection , severa l H /D  
ex change  procedures, m ethods A , B, an d  C, have been

(7) Keyes, T. P..; Weldon, I-.; Millier.. K.; Pechy, P.; GrSlzel, M. J. G.
Vos, J . Chem. Soc., Dalton Tram. 1995, 2705.

(8) Conics, C. O.; C allaghan, P. L.; McCiarvcy, J. J.; Kelly, J. M,; Kruger, 
P. H.; Higgins, M. E ../. Raman Spechmv 2000, i l ,  2)13.

(9) Kaimi, S.; Kcycs. T.; O’Connor, C. M.; Hughes, II.; Wang, R. Y.;
Vos, J. G. Coord. Chem Ken. 2000, 20ft, 77.

( 1 0 )  I lanlacrc, C.; llolbrey, J. 1).; McMnOi, S. H. J. Chem. Commun. 2001, 
367.

(I I) Ycrsin, II,; Humbs, W. Inarg. Chem 1999, 3fl, 5820.



Table 2. Conditions, Yields, and Extent of Hydrogen/Deuterium hxchnnge Reactions

Routes to Regioselective Deuteriation

compound overall % 11-1) exchange (site)“ method'1 % yield'
reaction 

time (days)

9b f04]-llpztr >98% B 95 3
!0I> [DiiJ-llmepztr >98% B 95 3
lib [D)]-Hphpztr >98% (pz) B 95 3
11c [DJ-Hphpztr >98% (ph) K (//) 95 3
lid [DJ-Hphpzlr >98% A 80 2 x 3  days
121) [D.iJ-lItolpztr > 98% (pz) B 95 3
12c | O.j-Htoljjztr >98% (Me) K (prepared 95 2

Imm 12e)
I2 d | UiJ-lltolpzli 180% (lolyl. see Sclicme ?.) F(/0 95 6
12c [D(,]~I Itolpzt 1 » 98% (pz and Me) A 95 6
121 [I>i]-Utolpzlr >98% (lolyl) B (11) 95 3(§)
12« [D|o]-Hlolpztr >98% C 95 2 x 10 days
13b [Ds]-IIpytr >98% C 80 3
14b [D)]-l Imepytr >98% C 80 3
151» [D,]-Hphpylr >95% (py 116) B 95 30
15c [D,|J-tiphpytr > 95% (py), < 15% (ph) c: 90 3
15d fDsi-Hphpylr >95% (ph). < 15% (py) B («) 90 3
15e lP)j-Hplipylr >98% A 80 6

[Ru(bpy)2(lla)](PF(0 >98% pz C3/5, <20% al pz C6 B 70 3
[Ru(bpy)j](PF (,) no exchange obsd B 90 3

no exchange obsd B 90 3

" In the case o f partially deuteriated compounds, exchange at individual positions is given in parentheses. b E in 20 mL o f H2O at 200 °C; F 0.1 g of 10% 
Pd/C in 20 mL o f H2O at 200 °C; II indicates preparation from perdcuteriated reagents (see Experimental Section), For other reaction conditions, see Table 
1. ‘ On the basis o f recovered yield, § indicates that when species reacted for 30 days, no further exchange was observed. For 12b—g, see Scheme 2 for 
further information.

w ith  P t and Pel receiving the most attention.15 H ow ever, to  
th e  a u th o rs’ knowledge, no detailed study on th e  general 
app lication  of sucll methods has been reported. The m o tiv a 
tio n  beh ind  the interest in die deuieriation o f  polypyridyl 
lig an d s is iheir potential applicability in the  study  o f  
su p ram o lecu la r systems. O ne approach tak en  has been the 
d irec t deu teria tion  o f  the  m etal com plexes. 16'_,a For exam ple, 
d eu teria tion  o f  [Ru(bpy>3]2+ in 0.1 M  N a O C D y X C D ^ S O / 
CD-jOD at 35 °C  w as found to occur rap id ly  at th e  3 ,3 ' - 
positions and m ore  slow ly  at the 5,.5 '-positions.Tn the present 
study , [F<n(bpy);ij;-1 is found to be inert to  H /D  exchange in 
both neutral and basic  D?.0 (T able  2). W hen using  m ethod 
B. | R u (b p y )■(T f » ) [ 1 sh o w s a very slow  ex ch an g e  at ¡lie 116 
position  o f  rlie pyraxyl ring  (adjacent to  the coordinating, 
n itrogen), w hereas the H3 and H5 positio n s o f  the  pyrazine  
ring  undergo com plete  exchange. O verall deu teria tion  o f  
m etal com plexes is slow  anti has severe  lim ita tions, espe
cia lly  in the case  o f  hetcrolcpric  com plexes; fo r  th is reason, 
a genet al strategy for the H/D exchange o f  ligands is needed.

W illi the  strategy reported in this con tribu tion , deuteriation 
lias been  achieved on  the  gram  scale , w ith  h igh yields

CM) (a) Wong. S. U  Heck, J. H,, Jr. J. Org. Chem. !974, 39, 2398 (b) 
Bulled, K,; Clcrneiit, O.; Onyido, 1. J. /hn. Chem. Soc. (994, l i t>, 
2679. (c) Clement, O.; Ros/ak, A. W.; tinned, B,./. Am Chum. Soc. 
19%, IIX , 612. (d) Hardacre, C.; llolbrey, .1. D.; McMatlt, S. E. J. 
Chem Commun 2001,367. (c) Auto, S.; Getvoldscn, G. S.; Harding. 
J. R.; Jones, J. R.; Lu, S.-Y.: Russell, J. C. J. Cliein. Soc.. Perkin 
Thins J 2000, 2208.

(15) (a) FSuncel, H.; Clement, O. ./ Chem Soc., Perkins Trans 2 1995. 
1333. (b) Olofson, R. A.; Lai ides berg, J. M ../. Am (.'item. Soc 1966, 
<W, 4263. (c) Olofson, R. A.; Landesberg, J. M.; Ilouk, K. N,; 
Mu:lie;ilmim, I. S. J. Am Chan. Soc. ¡966, Hfl, 42iS. (d) Coburn, R. 
A,; Uiiidvslieiu, J. M.; Kemp, IX S.; Ololson, R. A. Tetrahrdnn 1970, 
2(,, 685.

(16) Constable, B. C.; Seddon, K. R. J. Chem. Soc., Chem Commun. 1982,
34. ■ ;

(17) McCianalian. S. F.; Kincaid, .1. R.,/. Am Chem. Soc 1986, Kill, 3840. 
(IK) Slrommcn, 13. P.; Malliclc, P. K.; Danger, G. D.; Lumpkin. R. S.:

Kincaid..!. R . Phys. Chem. 1990, 94, 1357.

(typ ically  > 8 0 %  afte r purification) and to  h ig h  degrees o f  
iso top ic  purity  (ty p ica lly  > 98% ). N o  im purities w ere ob 
served  fo r any o f  th e  reac tions listed  in T ab les  1 arid 2. The 
y ie ld s rep o rted  are  recovered  y ields, and th e  less than  
qu an tita tiv e  v a lues ob tained  fo r m ethod  A  reflect the 
d ifficu lty  o f  rem o v in g  th e  substra tes from  the Pd /C  catalyst. 
It is also  im portan t to  realize  that there  is a  theoretical lim it 
to  the  extent o f  deu teria tion . This lim it is d ep enden t on the 
m olar ra tio  be tw een  th e  substra te  and the  so lven t D jO . For 
exam ple, 3 g  o f  2 ,2 '--bipyridine con tains 0 .1538  mol cqu iv  
o f  p ro tons, and 20 m l. o f  D?Q contains 2 .2 1 4  m ol cquiv  o f 
deutcrons; for th is reaction  m ixture, the  m axim um  theoretical 
deu tcria iion  is 93 .5 % . W hen I g  o f  bpy is em ployed , the  
m axim um  theore tical lim it is raised fo 98% , W hen large 
am oun ts are d eu teria ted  (> 1  g) by any o f  th e  p rocedures, 
th e  sam ple  is su b jected  to  tw o cyelcs ra th e r th an  one, and 
afte r th e  second cycle, the equ ilib rium  lim it ri.<;es to g re a te r ' 
than 99.5% . T h is is indicated in th e  tables. W e thank one  o f  
the rev iew ers for h igh ligh ting  this issue. By careful m anipu
lation o f  the co n d itions em ployed  and by the  com bination  
o f  d ifferen t m ethods, rcg iosclcc tivc  deu teria tion  is achieved. 
T h e  b ehav io r o f  the com pounds studied  is d iscussed  in m ore 
detail in the n e x t sections.

D e u te r ia r io n  o f  H e te ro c y c lic  G ro u p s .  C om pounds l a — 
8 a  (F igure 1) a re  am o n g  the most, com m only  em ployed  
b idcn ta te  ligands in th e  preparation  o f  inorgan ic  polypyridyl 
com plexes.1 Table i show s that Pd/C  is not needed  to achieve 
full deu teria tion . N eutral and basic D20  so lu tio n s also yield 
high deu teria tion  ra tios and high yields. The absence  o f  a 
catalyst has the  advan tage  that the w o rk u p  o f  th e  reaction 
m ix tu re  is easier, and hence, yields im prove (S ee  T ab le  1).

T he effect o f  th e  reac tion  conditions used (e .g ., tim e, pH / 
pD  and catalyst) is found to  be dependent on the type o f  
proton to be exchanged. F o r exam ple, as show n in f ig u re  2,
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1
[D4H,4'-bipyrkiyl (2b)

L l
08 B i (10 I.H 72 6ft 6.4 SCI

ppm

tDn]-4,4'-bi pyridyl (2c)

LO
[D J-4 ,4 '-b lp y rid y l (2b) J

8.8 8.6 84 p p m 62 8.0

Figure 2. 'II NMR spectra o f [HR]-4,4'-bipyridine (2a) (lower spectrum) 
and [D^-'M-'-bipyridine (21») (upper spectrum) in [D<sJ-acetone, Inset: 5D 
NMR spectra o f [Da]^J,4’‘-bipyricIinc (2c) (tower spectrum) and | D 
bipyridinc (2b) (upper spectrum) in [Di,]-acetone).

Figure 3. 11-1 NMR speclnt o f  flhj-2-(tl]icn-2'-yl) pyridiiH: (8a) (lower 
spectrum), |f.V|?-(iliieu-2'-yl1 -pyridine (8b) (ivmldic KpccUimi). and |X)J- 
2-(lhicti-/!' yl)-pyridiiie (tit*) flipper spcelrum) in |t>/.| IVMSO (all spccMm 
\re ic  obtained al eqtinl eonceiilialioiis).

by u sin g  m ethod  B, little  exchange  is o b se rv ed  fo r th e  H 3 /
H5 posilion  o f  4 ,4 '-b ip y rid in c  (2a). A n o th e r exam ple  is 
illustra ted  in F igure  foi com pounds 8 » ~ c .  Thisr figure 
show s that a fte r use  o f  m ethod B on ly  th e  py rid ine  H6 and 
the thienyl H5 are  exchanged, while fiill exchange is obtained 
w ith  m eth o d  C. In general, w ith m ethod  B , only exchange 
at th e  positions ad jacen t to  heteroatom s (e.g.,, N and S) takes 
p lace  even  w ith  ex tended  reaction  tim e s  (se e  T ables I and 
2). Pyrazyl g ro u p s (com pounds *>a—12a) read ily  undergo  
co m p le te  exchange. T h is is not u n expected  becau se  every 
p osition  can be considered  as analo g o u s to the  H 2/H6 
position  o f  pyridine.

U n d er basic conditions, m uch less v a ria tio n  is observed 
in ex ch an g e  rates a t different positions, w ith th ieny l, pyridyl, 
and py razy l g roups show ing  com plete  H /D  exchange. 
H ow ever, w ith this m ethod, a significant level o f  control over 
the deu teria tion  o f  th e  ary l and pyridyl m o ie tie s  in 5a and 
6a can  be  achieved, It should  be noted  that w ith m ethod  C 
the rcg ioselec tive ly  o b se rv ed 'fo r  5a is d iffe ren t than that

observed w ith m ethod B. T his is d iscussed  later in m ore 
detail.

Deuteriation of Aromatic and Aliphatic Groups. H/D
exchange  o f  m ethyl g roups depends on th e  nature o f  the 
m oiety  to w hich  they a re  attached. W hen  bound  directly  to 
pyridyl (3a) o r 1 ,2 ,4-triazole (10a, 14a) groups, com plete 
exchange occurs u n d e r all conditions exam ined  (T ables 1 
and 2). In con trast, m ethy l groups a ttached  to  phenyl rings 
(1 2 a) show  no ex ch an g e  using  m ethod B but dcuteriate  
com plete ly  in basic  m ed ia  and w ith m ethod  A. Phenyl (5a, 
11a, and 15a) an d  to ly l groups (12a) are  th e  least reactive 
m oieties. N o ex ch an g e  o f  arom atic p ro to n s w as observed 
u sing  m ethod B, bu t phenyl groups do  exchange  in the 
p resence o f  P d /C  cata ly st (m ethod A). U s in g  m ethod C, 
com ple te  exchange  o f  bo th  phenyl and m ethy l p ro tons is 
observed, a lbcit'a t a m uch  slow er rate than fo r heteroarom atic 
g roups.

R eg io se lec tiv e  D e u te r ia tio n . T he d iffe ren ces in the  re
activ ities o f  the various m oieties a llow  fo r th e  developm ent 
o f  stra teg ies fo r th e .reg io se lec tiv e  iso tope exchange. T w o 
exam ples o f  ho w  d ifferen t m ethods can be  com bined  to  
ach ieve  p a rticu la r se lec tive ly  deu teria ted  com pounds arc 
show n  in Schem es 1 and 2. Schem e 1 (and T ab le  1) 
illustra tes the ro u tes taken  in  the p rep ara tio n  o f  four 
isotopologues o f  4 ,7 -d iphenyl-1, 10-phenanthroline (phjphen), 
nam ely  tDoj-pli2ph en , [D ioJ-phiphen, [D iij-p h ip h en , and 
[D ifij-pibphen. H /D  exchange o f  the  p h eny l groups is 
ach ieved  in th e  p resen ce  o f  the  Pd/C  ca ta ly st in  neu tra l I W  
bu t occurs on ly  very  slow ly  in basic  D 2Q. C onsequently , 
using  m ethod  A , th e  Dm- iso topofogue (5 d )  is obtained in 
good y ield  w ith  ex ce llen t reg ioselectiv ity . In terestingly , it 
is the  p h enan th ro line  H5 and H 6  positions, w h ich  do not 
exchange un d er these  conditions. However., deu teria tion  o f  
the com plete phenanthroline  m oiety takes p lace using  m ethod 
O. T he faci that these  reactions a rc  high y ield  and can be 
carried out on a grunt scale  opens the  p o ssib ility  to use the  
products obtained as m aterials for further reaction. Therefore, 
a reverse  D /H ex ch an g e  as show n in Scheme I becomes a 
v iab le  option . W ith  th is approach,' compounds such'as 5c 
can  be p repared  from  5c!. In th is p roccss,-the  m oiety  that is 
m ost easily exchanged, nam ely the  plvunan thro  line g rouping , 
is regenerated  in th e  perprotio  form.

In Schem e 2, th e  d ifferen t reac tiv ities o f  py iazinc, 
arom atic , and m ethy l g roupings are illustrated. On the  basis 
o f  the  behavior observed  in Schem e 1, it is su rp rising  that 
the  lolyl arom atic p ro tons do not exchange in any significant 
m an n er using m ethod  A , and this su g g ests th a t the  m ethyl 
g ro u p  deac tiva tes th e  to ly l ring tow ard  H /D  exchange. 
E xchange  o f  these  p ro tons is m ore effic ien t in the presence 
o f  base, a lbeit a t a  s lo w er ra te  than fo r m ethy l o r  pyraziny 1 
p ro tons. In con trast to  the results ob tained  fo r 3a  and 1 Oa, 
the  protons o f  th e  m ethyl group in 12a can be exchanged 
using  m ethod A , but not by the use  o f  m ethod  B. A gain, the 
reverse  D/H ex ch an g e  can be used  to  y ield  iso topologues, 
such as 12c, 12d, and  12f, w hich contain deu terium  atom s 
in positions, w hich undergo H /D  exchange  w ith m ost 
d ifficulty .
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Routes to Regioselective Deuteriation

Schem e 1. Routes Examined in the Deuteriation ol' 5a
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A p p lic a t io n  o f  D e u te r ia t io a  n» S u p ra m o le c u la r  S y s 
tem s . T h e  effec t o f  deu teria tion  o n  'H  an d  n C  N M R 
spectroscopy  is a lready  wclL-knowo.3,4 D eu teriation  resu lts 
noi only in a loss in in ten sity  but also in th e  sp littin g  o f  UC 
signals in to  m ultip lets. A n exam ple o f  th is is sh o w n  in Figure 
4, w hich show s the  UC  spectra for 4 a  and 4b . In the spectrum  
o f  4b , only the signals th a t can be a ttribu ted  to  the 
quatern ized  carbon  a tom s rem ain  as sing lets; th e  o thers 
ap p ear as trip le ts. S e lec tiv e  deu teria tion  is therefore useful 
in th e  assig n m en t o f  i;,C resonances.'10 In  add ition , 2D N M R 
spectroscopy  can  be  used to m o n ito r sp ec ific  sites in 
complexes, which have complicated 'II NMR spectra (sec 
Figure 2 and Supporting Information). Furthermore, for large 
molecules such as rutlicnium(II) and osmitim(II) polypyridyl 
complexes, deuteriation ¡has been shown to be very useful 
in simplifying 'H NMR spectra,1 and an example of this can 
be seen in Figure 5 (and Supporting Information), where 'I f 
NM R resonances a re  e lim inated  by se lec tiv e  deuteriation .

T h e  spectra  show n illustra te  how  w ell-defined  N M R  based  
in form ation  can  be ob tained  for com pounds, w h ich  contain 
a large  num ber o f  hydrogen  atom s. It is also  im portant to 
po in t out that no  ev id en ce  fo r H /D  exchange  w as observed, 
under th e  reaction  conditions em ployed to  p repare  ruthenium  
co m plexes from  d eu te ria ted  ligands .CJ T his is in  agreem ent 
w ith the  observed tem perature dependence o f  the  deuteriation 
m eth o d s d iscussed , w h ich  indicates th a t n o  m easurab le  
exchange  occurs b e low  140 °C .19

T he app lication  o f  deu teria tion  is not lim ited  to structural 
characterization , iso to p e  exchange  has found application  as 
a p ro b e  for stu d y in g  excited-sta te  p rocesses in transition 
m etal com plexes in tim e-reso lved  resonance  R am an sp e c 
troscopy. IS In addition, deuteriation has received considerable 
a ttention , in the  s tu d y  o f  the  excited-sta te  p roperties o f  rare  
earth  ions and ru then ium (II) polypyridyl com plexes.'1 Selec-

(19) O ’Dwyer. U. MSc 'thesis., Dublin City University, Dublin, Ireland, 
1997.
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Figure 4. '( ' (proton decoupled) NMR spectra o f [Ha]-1,10-plienanthroline 
(4a) (upper spectrum) and [Dn]-1,10-phenanthroline (4b) (lower spectrum) 
in [D6]-DMSO.

H 3,6

!Ru(bpy)2(phjphen)]2*

[Ru([D8]-bpy)2(ph2phen)]2

fKHClwMiD Î-pltj.plierOp
_____ _

[Ru(bpy)2([DH]-pH2phen)]2+

—Ml
8.6 8.4 8.2 8.0 7.B 7.6 7 .4

ppm
Figure 5. lH NMK spectra (400 MHz) of [|Ru([Sj-bpy)([p,,]-ph2phfli)]- 
(PF(,)2 in [D}]-acclonitrile. (x ~  0 or 8,j» ~ 10, 1 4 .  ¡6), Resonances due to 
[»hyphen liijjuid arc indicated.

iivc  deiilerintiou o f  m ixed  ligand co m plexes w as show n to 
yield im portant inform ation iiboiit the location o f  ilic em itting 
s ta te  in m ixed ligand com plexes by its e ffec t on em ission 
life tim e.7'8 F or exam ple, th is approach  can  now  be applied 
in th e  study o f  2 ,3 -b is(py rid*2 '-y l)-py raz ine  (7a) based 
m uliinuclcar m lhen ium  and osm ium  based  b is(b ipyridyl) 
co m plexes.20 D eu teria tio n  o f  e ither 7 a  o r l a  w o u ld  allow  
fo r the  detailed  study o f  the  possib le  isom ers p resen t, and 
selective  deuteriation  cou ld  also be u sed  to  study the excited 
s ta te  b ehav io r o f  such com pounds.

L im ita t io n s . D u rin g  the course o f  this study , 1,2,4- 
triaz ines and com pounds con tain ing  fu n c tio n al g ro u p s (e.g., 
carboxy lic  acids, esters, and earbon itriles) w ere  found to 
d ecom pose  under th e  co nd itions em ployed . H ow ever, the 
d eu te ria tio n  o f  re la tively  large  am ounts o f  m ateria l (up  to  3 
g in th is study), coupled  w ith  h igh y ie ld s, a llo w s for the 
p reparation  o f  a  m uch larger range o f  deu teria ted  com pounds 
th rough  the deu teria tion  o f  precursors in sy n th e tically  useful 
am ounts. T herefore, the  p repara tion  o f  p erd eu teria ted  com 
pounds con tain ing  therm ally  unstable functional g roups such

(20) Campagna, S.; Giaimetto, A.; Scrami, S.; Deuti, G.; Tnisso. S.;
Mallamaee, R; Micalli, N . Am. Chan Soc 1995, ¡17, 1754.
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as carboxylic  acids, earbonitriles, am ides, and so forth  m ay 
be achieved ind irectly  v ia  perdeuteriated  m ethyl p recursors 
(e.g ., [D fi]-4 ,4 '-d icarboxy-2 ,2 '-b ipyrid inc  can  be prepared
from  3b).

C o n c lu s io n s

In th is contribution , a  genera l approach  to  the  deuteriation  
o f  heteroarom atic com pounds is described. T h e  potential for 
rcgioselec.tive deu te ria tio n  is identified. T h e  procedures 
em ployed  allow  for th e  reduction  and often  th e  com plete  
e lim ination  o f  the  requ irem en t for catalysts o r derivatization  
(e.g ., v ia  /V-oxide in term ediates5) and m uch im proved yields. 
T h e  app licab ility  o f  deu teria tion  in inorganic  p h o tophysics 
and supram olecular chem istry  is already w ell-know n.4 H ow  
ever, its use has been severely  lim ited  b y  the  cost and 
d ifficu lty  in p rep arin g  w ell-defined  deu teria ted  m aterials. In 
th is regard, the  m ethods described here allow  for th e  
w idespread  ap p lication  o f  deu teria tion  in su ch  studies and 
p ro v id e  an add itional too l for the study o f  the spectroscopic  
and photophysical p ro p erties o f  su p ram olecu lar com pounds.

Experimental Section

Materials. All reagents for synthesis were used as received 
without further purification, D20  (99.9%) and 10% w/w Pd/C
(Sigma-Aldrich) were used as received. NaOD/D2Q solution (1 M) 
was prepared in situ by addition, o f 460 mg of sodium metal to 20 
mL o f ()■>(). 2,2'-Bipyridine (la ), 4,4/-bipyridirie (2a), 4,4'-dimediyl- 
2,2'-bipyridine (3a), 1,10-phenanthroliue (4a), 4,7-dipbenyl-l,10- 
phenanthroline (phjphen) (Sa), 2,2'-biquinoiine (6a) (Sigma- 
Aldrich), and 2-(thien-2'-yI)-pyridine (2-thpy) (8a) (Lancaster) were 
obtained from commercial sources and used as received without 
further purification. The syntheses o f 2,3-bis(pyrid-2'-yl)-pyrazine 
(7a),21 3-(pyrazin-2'-yl)- 1,2,4-triazole (Hpztr) (9a), 3-methyI-5- 
(pyrazin-2'-yl)-1,2,4-triazole -(Hmepzt.r) (jW ), 3-(pyrtdin>2'»j'l)- 
l ,2,4-triazole (Hpytr) (J3a), 3-rnefhyl,-5-(pyridii)-2'-yl)-l,2,4-triazole 
(Hinepyfr) (14a),n and 3-phcuyl-5-(pyridin-2'-yl)-1,2,4-triazole 
(Hphpyfc) (ISa)7 have been carried out using previously reported 
procedures. | Ru(bpy).i KITy)■/,”  | Ru(rf, •bpy)2(i’/,rph2phen) liP F ^ ,2'1 
and [Ru(bpy)2 (lla)|(PFf,)22'’ (where bpy =  la , ph2phen =  5a, x — 
0 or 8 and;' = 0 , 10, and 14) were prepared by literature procedures. 
The compounds 3-phenyl-.5^pyrazin-2'-yI)-L,2,4"triazole (Hphpztr) 
(I la ) and 'l-toly)-.-5-(pyriiziiW2'-yl)-1,2,4-triazole (Htolpztr) (12a) 
were carried out by previously reported procedures.22

Hydrogen—Deuterium Exchange Reactions. 11 D exchange 
reactions were carried out using a Teflon cup contained in a geneial 
purpose dissolution Bomb P/N 4744 from Scientific Medical 
Products. Typical examples o f  each reaction type A —F are given 
iff following paragraphs. Spectroscopic data for each partially and 
fully deuteriated compound are summarized as Supporting Informa
tion. (n the case o f method A, the solvent employed to remove 
deuteriated compound from the catalyst varied depending on the 
solubility of the compound. The extent o f  isotope exchange was 
determined from the isotopic pattern o f  the mass spectra o f the 
compounds and by comparison o f  the 'H NMR spectra o f  the

(21) Goodwin, H. A.; Lions, F ../. Am. Chem. Soc. 1959, HJ, 6415.
(22) Hage, R. Ph.D. Thesis, Leiden University, The Netherlands, 1991.
(23) Casper, J. V.; Meyer, T. J../. Ant. Chem. Soc. 1983, 105. 5583.
(24) Baggot. J.; Oregon', G.; Piling, M.; Andereon, S.; Seddon, K. It.; Tnrp, 

S. J. Chem Sac. 'Faraday Trans. 2 1983, 79, 195.
(25) Browne, W. R.; Guckian, A.; Vos, J. G. To be published.



Routes to Regioselective Deuteriation

deuteriated compound with its perprotio analogue al known 
concentrations using the residual solvent peak as an internal 
standard.

M ethod A. [Dn]-2,2'-Bipyridine (lb ). 2,2'-Bipyridine ( la )  (3 
g) was reacted with 50 mg o f 10% Pd/C in 20 mL of D20  al 200 
°C under pressure for 3 days. On cooling, the reaction mixture was 
filtered, and the catalyst was washed with 2 x  50 mL o f diethyl 
ether to remove any 2,2'-bipyridine from the catalyst surface. The 
diethyl ether washings and the aqueous filtrate were evaporated to 
dryness to yield |Dn|-2,2'-bipyridme. It should be noted that with 
tins method yields are sometimes lower than quantitative because 
of difficulty in removing the product from the catalyst.

M ethod B. |D 3]-H p h p z tr ( l ib ) . A 1 g portion of 3-plienyl-5- 
(pyrazin-2-yl)-1,2,4-triazole (11a) was reacted at 200 °C in 20 mL 
o f D 2 O for 3 days. After cooling, the compound precipitated and 
was filtered and air-dried.

Method C. (D4J-H phpytr (15c). A 1.5 g portion o f 3-phenyl- 
5-(pyridin-2-yl)-1,2,4-triazole (15a) was reacted at 200 °C in 20 
mL of 1 M NaOD/DjO for 3 days. On cooling, the reaction mixture 
was neutralized with concentrated HC1, and the white precipitate 
was filtered and air-dried.

M ethod D. [D s]-H phpytr (15d). A 0.5 g portion o f  |Dg|-3- 
phenyl-5-(pyridin-2-yl)-l,2,4-triazolc (15e) was reacted at 200 °C 
in 20 mL o f  1 M NaOII/HjO for 3 days. On cooling, the reaction 
mixture was neutralized with conccntratcd 11C1, and the white 
precipitate was filtered and air-dried.

M ethod E. ¡D5l-H php 7.tr (11c). A 0.5 g portion o f  [Dg]-3 - 
phenyl-5-(pyrazin-2-yl)-l ,2,4-triazol.e (I  Id) was reacted at 200 °C 
in 20 mL o f H^O tor 3 days. On cooling the reaction mixture, the 
white precipitate was filtered and air-dried,

Method F. As for method A except H2 O was used in place of 
D ,0 .

and 2D NMR Spectroscopic and Mass Spectral Data. 
Assignments o f  'H and 2D NMR resonances were made by 
comparison with assignments made for 'H NMR spectra of their 
perprotio analogues and are available as Supporting Information. 
Assignments o f UC spectra were made on the basis o f comparison 
with assignments made for their perprotio analogues using HMQC 
and HMBC NMR experiments and on the basis o f  the loss o f 
intensity and splitting upon deuteriation. 'H, 2D, l3C and 'H COSY, 
HMQC, and HMBC spectra were recorded 0 1 1  a Bruker Avance 
400 (40(1 MHz) NMR spectrometer equipped with a QNP probe (a 
broad band probe was employed for 2D NMR spectroscopy). All 
measurements were carried out in [Dfij-aeetone or |D s]-dimethyl 
sulfoxide. 2D NMR spectra were acquired in [HfJ-acetone or |H f,|- 
dimethyl sulfoxide. Peak positions are relative to residual solvent 
peaks. Mass spectra were obtained using a Bruker-Esquire- 
LC_00050 electrospray ionization mass spectrometer at positive 
polarity with eap-exit voltage o f 167 V. Spectra were recorded in 
the scan range o f 50—2200 m/z with an acquisition time o f between 
300 and ‘>00 us and a potential between 30 and 70 V. Each spectrum 
was recorded by summation o f 20 scans. The limited solubility o f 
some compounds precluded the measurement o f their 2D and L1C 
NMR spectra.
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